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ABSTRACT 


In  this  reporting  period,  the  second  year  of  a  three-year  program,  the  two  major 
thrusts  of  the  program  produced  significant  achievements  along  independent  lines, 
having  spent  the  first  year  of  the  program  preparing  and  testing  the  equipment  and 
beginning  the  experiments.  Mid-program  planning  and  discussion  sessions  have  led 
to  the  planning  of  two  experimental  studies  that  will  tie  together  the  work  of  the  two 
groups.  The  first  of  these  experiments  has  been  completed. 

vln  the  plasma  studies  area,  the  model  for  carbon  deposition  from  methane 
plasmas  was  extended  to  include  homogeneous  chemical  kinetics  of  both  neutral  and 
ionized  species,  and  it  was  tested  with  extensive  plasma  characterization  experiments 


varying  plasma  excitation  and  flow  parameters.  In  addition,  experiments  were 
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completed  on  methane-hydrogen  plasmas,  and  weipJanJo-coropare  these  resultilo 


the  model. 


Thermal  desorption  and  dissociation  kinetic  studies  of  propylene  on  silicon 
surfaces  has  produced  several  significant  results.  It  was  found  that  surface  reactivity 
could  be  controlled  by  creating  damage  sites  via  ion  bombardment  or  by  capping  such 
sites  with  atomic  hydrogen.  In  addition,  the  adsorption  of  propane  and  methane  were 
studied  at  120K  and  compared  to  the  double-bonded  propylene  using  kinetic  uptake 
experiments  and  Auger  surface  studies.  It  was  found  that  no  sticking  is  obtained  for 
hydrocarbon  molecules  that  do  not  have  C=C  double  bonds. 

This  program  has  produced  several  journal  articles  as  well  as  numerous  invited 
and  contributed  conference  talks  and  papers.  Four  preprints  are  attached  which 
describe  the  main  accomplishments  of  this  program  during  this  reporting  period. 
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I  OVERVIEW 


Having  prepared  the  equipment  and  carried  out  preliminary  experiments  needed 
to  characterize  the  experimental  apparatus  in  the  first  year  of  the  program,  our 
objectives  were  to  focus  on  experiments  that  would  provide  information  on  the 
fundamental  plasma  deposition  processes.  We  had  begun  studying  the  deposition  of 
carbon  with  pure  hydrocarbon  gases,  and  we  continued  this  approach.  Rather  than 
adding  silane  chemistry  to  produce  silicon  carbide,  we  found  that  concentrating  on  the 
simpler  problem  of  carbon  deposition  provided  an  opportunity  for  a  deeper 
understanding  of  the  processes,  and  avoids  duplication  of  significant  work  that  is 
being  done  elsewhere  on  silane  plasma  chemistry,  for  example,  by  Alan  Garscadden 
and  his  group  at  Wright  -Patterson  AFB  in  Dayton,  Ohio.  In  the  following  sections  we 
describe  the  contributions  of  the  two  groups: 

a)  plasma  characterization  and  modeling  at  Westinghouse  R&D  Center; 

b)  surface  studies  at  the  Univ.  of  Pittsburgh  Surface  Science  Center. 

These  two  components  of  the  program  had  proceeded  relatively  independently  until 
the  first  experiments  had  been  completed  and  analyzed  at  about  mid-program  in 
January,  1 986.  At  this  juncture  we  got  together,  made  presentations  of  the  results  of  the 
different  groups,  and  discussed  how  they  related  to  our  overall  objectives. 

Two  proposals  came  out  of  these  discussions  for  experiments  which  would  tie 
the  two  efforts  together,  allowing  each  group  to  capitalize  on  the  progress  of  the  other. 
The  plasma  group  had  found  that  quantitative  surface  adsorption  data  are  needed  for 
the  methane  deposition  model,  so  experiments  on  the  adsorption  of  methane  and 
propane  on  silicon  surfaces  were  planned.  This  would  compare  the  adsorption  of 
hydrocarbon  gases  without  C=C  double  bonds  to  the  extensive  results  that  the  group 
had  already  obtained  on  propylene,  which  has  one  C=C  double  bond.  An  additional 


set  of  experiments  was  proposed  to  compare  plasma  deposition  results  using 
propylene  gas  to  existing  data  for  methane.  Deposition  processes  uniquely 
associated  with  the  C=C  double  bond  in  propylene  had  been  identified  by  the  surface 
chemistry  group.  These  may  lead  to  higher  deposition  rates  or  other  advantages,  so  it 
is  of  interest  to  see  if  significant  effects  can  be  identified  in  plasma  experiments.  At  this 
time,  the  first  of  these  two  experiments  has  been  completed.  Earlier  expectations  of  the 
role  of  the  C=C  double  bond  in  Si(1 00)  adsorption  have  been  substantiated,  and 
guidance  in  modeling  adsorption  reactions  from  the  plasma  has  been  provided. 


II  PLASMA  STUDIES 


\ 

i 

The  characterization  and  modeling  study  of  methane  deposition  plasmas  was  ! 

expanded  in  this  period.  The  model  produced  in  a  collaborative  effort  by  L.  E.  Kline  on 
a  Westinghouse-funded  program  was  extended  to  include  the  homogeneous  kinetic 
chemistry  of  both  neutral  and  ionized  dissociation  products.  This  put  us  in  a  position  to 
obtain  information  about  the  surface  deposition  kinetics  by  postulating  likely  surface 
reactions,  including  them  in  the  model,  and  comparing  the  predictions  of  the  model  to 
our  experimental  results.  The  plasma  experiments  included  mass  spectroscopy  and 
sample  weighing  to  determine  mass  transfer  in  the  plasmas,  and  also  electrical 
waveform  and  probe  measurements  on  the  plasmas.  In  this  way  we  have  identified 
deposition  reactions  that  lead  to  a  consistent  picture  of  the  deposition  chemistry.  These 
results  are  reported  in  detail  in  Reference  1,  which  is  attached.  We  have  taken  data 
over  a  wider  range  of  experimental  conditions  since  this  was  published,  particularly,  for 
a  variety  of  gas  flow  rates  and  also  for  methane-hydrogen  mixtures.  This  will  test  the 
model  over  a  broader  range  of  parameters  and  will  also  provide  information  about  the 
role  of  hydrogen  in  deposition  plasmas.  Hydrogen  has  long  been  known  to  have  a 
significant  influence  on  the  deposited  films,  in  passivation  dangling  bonds  for  example, 
in  amorphous  silicon.  More  subtle  involvement  of  hydrogen  in  the  deposition 
processes  has  been  suggested,  both  in  low  and  high  temperature  processes.  It  is 
considered  crucial  for  the  production  of  CVD  diamond  films  at  higher  temperatures. 

Our  existing  model  already  includes  hydrogen,  since  it  is  one  of  the  main  products  in 
the  electron  dissociation  of  methane.  We  have  performed  plasma  deposition  and 
characterization  experiments  with  methane-hydrogen  plasmas,  and  plan  to  compare 
the  data  to  the  model.  Early  experimental  results  point  out  an  interesting  interplay 
between  flow  rates  and  methane/hydrogen  ratio.  Significant  enhancement  of  hydrogen 
mole  fractions  is  obtained  at  low  flow  rates  because  of  methane  dissociation. 


Ill  CHARACTERIZATION 


We  have  a  set  of  samples  of  carbon  films  for  a  wide  range  of  deposition 
conditions.  This  includes  high  and  low  energy  ion  bombardment  conditions  for 
samples  prepared  on  the  powered  electrode  and  the  grounded  electrode  respectively. 
Samples  were  prepared  with  a  variety  of  power  densities  and  flow  rates.  Recently  we 
prepared  a  series  of  samples  from  methane-hydrogen  mixtures.  The  goals  of  the 
characterization  measurements  are  to  understand  the  influence  of  these  deposition 
conditions  on  the  properties  of  the  films,  and  to  relate  them  to  the  plasma  properties, 
which  are  fairly  well  characterized  now.  We  will  begin  with  reflectivity  measurements  to 
determine  the  optical  gap  of  the  films,  and  will  study  the  carbon  bonds  via  infrared  and 
Raman  spectra. 

IV  SURFACE  STUDIES 


A  comprehensive  study  of  the  adsorption  kinetics  of  propylene  on  Si(100) 
surfaces  was  performed  during  this  reporting  period  using  molecular  beam  techniques, 
thermal  desorption  techniques  and  Auger  surface  analysis.  Two  different  types  of 
adsorption  processes  were  identified:  one  that  results  in  dissociation  of  the  propylene, 
and  one  in  which  undissociated  propylene  chemically  bonds  to  the  surface,  and  will 
desorb  intact  at  550K.  On  thermally  annealed  and  ordered  Si(100)  surfaces,  only 
about  65%  of  the  propylene  adsorption  is  dissociative.  This  fraction  can  be  increased 
to  nearly  100%  by  producing  additional  active  sites  via  ion  pre-bombardment  of  the 
surface,  and  the  reactivity  can  be  suppressed  by  capping  the  active  sites  with  atomic 
hydrogen.  This  work  is  described  in  detail  in  Reference  2  and  in  Reference  3  which 
fully  describes  the  techniques  and  apparatus.  Preprints  of  these  articles  are  attached. 

As  we  mentioned  in  Section  I,  experiments  to  compare  the  adsorption  of 
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|[  propylene  to  hydrocarbons  without  C=C  double  bonds  were  recently  completed.  They 

i 

* 

;  are  discussed  in  detail  in  Reference  4  which  is  attached.  No  adsorption  could  be 

measured  for  annealed  or  for  ion-bombarded  surfaces  for  methane  or  propane  at 
120K.  This  is  convincing  evidence  of  the  role  of  the  C=C  double  bond  in  the  adsorption 
mechanism,  and  it  also  tells  us  that  this  type  of  ion-assisted  deposition  process  is 
probably  not  nearly  as  important  in  methane  deposition  plasmas  as  it  would  be  in 
propylene  plasmas.  This  is  consistent  with  our  experimental  and  modeling 
conclusions,  which  attribute  carbon  deposition  to  neutral  and  ionized  radicals  rather 
than  adsorbed  reactant  species.  The  importance  of  this  latter  type  of  deposition 
process  in  propylene  plasmas,  however,  will  be  experimentally  determined. 
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REFERENCE  1 

HOMOGENEOUS  AND  HETEROGENEOUS  CHEMISTRY  OF 
METHANE  DEPOSITION  PLASMAS* 


W.  D.  Partlow  and  L.  E.  Kline 

Westinghouse  R&D  Center,  1310  Beulah  Road,  Pittsburgh,  PA  15235 


Experimental  measurements  and  theoretical  modeling  of  methane 
deposition  plasmas  have  made  It  possible  to  determine  the  most  likely 
homogeneous  and  heterogeneous  chemical  reaction  paths  leading  to  deposition 
of  hydrogenated  carbon  from  the  fragments  of  electron  dissociated  methane. 
The  methane  plasma  was  modeled  as  a  plug-flow  reactor.  Gas  phase  reactions, 
diffusive  transport,  variable  surface  reflection  coefficients,  and  surface 
chemical  reactions  are  Included  In  the  model  which  follows  a  "plug"  of  gas 
as  it  flows  through  the  reactor.  Boltzmann  equation  and  Monte  Carlo 
calculations  were  used  to  determine  the  electron  energy  distribution  and  the 
resulting  dissociation  and  ionization  rate  coefficients  averaged  over  space 
and  time.  Experimental  measurements  of  the  time  dependent  electrical 
properties  of  the  plasma  are  used  as  Input  to  the  model.  Deposition  rates, 
deposition  uniformity,  downstream  mass  spectroscopy,  and  the  dependences  of 
these  quantities  on  power  and  mass  flow  rates  are  compared  to  the  model  to 
arrive  at  a  consistent  representation  of  the  deposition  chemistry. 


INTRODUCTION 

The  chemistry  Involved  in  the  deposition  of  condensed  phases  from  glow 
discharge  plasmas  consists  of  a  highly  complicated  chain  of  processes 
starting  with  the  electron  dissociation  of  the  reactant  gases  and  concluding 
with  heterogeneous  surface  deposition  reactions,  with  homogeneous  gas  phase 
reactions  In  between.  The  deposition  of  hydrogenated  carbon  films  from 
methane  plasmas  is  an  excellent  example  for  study.  Data  Is  available  on 
dissociation  cross  sections  and  fragmentation  for  this  gas  [1,2],  and  since 
methane  is  a  widely  used  combustion  gas,  gas  phase  chemistry  has  been 
studied  extensively.  The  chemical  kinetics  data  for  this  gas  has  recently 
been  pulled  together  by  NBS  workers  and  issued  as  a  compendium  [3],  Ion- 
neutral  chemical  kinetics  data  are  also  available  [4].  A  steady  state  model 
of  the  gas  phase  chemistry  of  methane  plasmas  has  recently  been  published 
[5].  Our  work  carries  this  approach  several  steps  further,  in  that  it  takes 
gas  flow  rates  into  account,  providing  spatial  dependences  not  obtained  in 
the  earlier  model.  Also,  more  recent  and  complete  gas  phase  reaction  data 
Is  used  in  the  model,  and  our  more  extensive  experimental  measurements, 
especially  mass  transport  data,  made  it  possible  for  us  to  study  the 
heterogeneous  chemistry  in  more  detail. 

Our  work  consists  of  an  Interactive  experimental-theoretical  study  of 
these  plasmas  In  which  we  have: 

1)  characterized  the  plasmas  to  define  the  parameters  needed  to 
perform  the  modeling, 

2)  modeled  the  dissociation  and  homogeneous  chemistry  using  published 
gas  physical  and  chemical  data. 


♦This  work  was  supported  In  part  by  the  U.  S.  Air  Force  Office  Of 
Scientific  Research  under  contract  F49260-84-C-0063DEF. 
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3)  performed  the  model  calculations  with  likely  gas  surface  reactions, 
obtaining  predictions  of  mass  transport  in  the  plasma, 

4)  compared  the  models  containing  these  heterogeneous  reactions  to 
experimental  mass  transport  data  in  the  plasma  to  determine  which 
of  the  reactions  are  most  consistent  with  the  exp  Hments. 

This  has  determined  the  most  likely  reaction  paths  for  the  deposition 
chemistry  and  has  pointed  out  some  additional  experiments  and  calculations 
that  can  lead  to  more  conclusive  Information  about  the  plasma-surface 
deposition  reactions. 


EXPERIMENTS 


The  experimental  deposition  reactor  is  shown  schematically  in  Figure  1. 
It  consists  of  a  pyrex  pipe  vacuum  system  with  8.9  cm  planar  electrodes. 

The  powered  lower  electrode  shown  is  a  trl-axial  design  which  can  achieve 
self  bias  voltages  of  more  than  1  kV,  and  the  upper  electrode  shown  has  a 
floating  probe  diagnostic.  Another  electrode  which  can  hold  a  substrate  is 
used  as  the  upper  electrode  during  deposition,  so  that  samples  can  be 
deposited  on  both  the  powered  and  the  grounded  electrodes  in  the  same 
experiment.  Gas  flow  and  pressure  are  measured  and  controlled  with 
electronic  flow  controllers  and  a  capacitance  manometer.  A  diffusion  pumped 
system  with  a  liquid  nitrogen  cold  trap  is  used  to  obtain  a  base  pressure 
below  ( 10) -5  torr,  and  a  100CFM  roots  blower  is  used  for  high  volume  pumping 
during  deposition.  Downstream  mass  spectra  are  measured  with  a  Dycor  MI00 
quadrupole  gas  analyzer  in  conjunction  with  a  UTI  turbo-pumped  sampling 
system  having  a  base  pressure  of  (10)-9  torr.  A  Tektronix  Model  7834 
oscilloscope  with  a  Model  AM503  current  probe  were  used  to  measure  voltage 
and  current  waveforms.  These  waveforms  were  digitized  to  determine  the 
electrical  power  delivered  to  the  plasma.  Average  values  of  electrode  bias 


Figure  1.  Schematic  diagram  of  the  experimental  plasma  deposition 
apparatus. 
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and  floating  probe  potential  were  monitored  with  Kelthley  Model  600A 
electrometers  with  RC  averaging  circuits  as  shown  schematically  In  Figure  1. 
Series  resistor  values  of  10  Mn  were  found  to  sufficiently  large  that  no 
Interaction  of  the  measuring  circuit  with  the  experiment  was  seen. 
Capacitance  values  of  lOOpfd  were  adequate  for  averaging.  The  plasmas  were 
powered  with  2MHz  RF  excitation  that  was  provided  by  an  ENI  Model  2100L  RF 
power  amplifier,  using  a  Heath  Model  SA  2060A  antenna  tuner  as  a  matching 
network. 


Experimental  Results 


The  electrical  measurements  on  the  plasma  are  summarized  in  Figure  2 
for  a  methane  plasma,  300  mtorr  pressure,  with  flow  rate  of  30sccm.  Peak- 
to-peak  applied  voltages  from  700V  to  1300V  are  measured  for  powers  from  2 
to  20  watts  delivered  to  the  plasma.  Bias  values  for  the  powered  electrode 
are  shown  for  this  range  of  powers,  and  are  typically  30%  of  the  peak-to 
peak  voltage  for  these  pressures  and  frequencies.  Floating  probe  potential 
measured  with  the  high  impedance  averaging  circuit  on  a  1  cm  diameter  disc 
in  the  center  of  the  plasma  ranged  from  0  to  19V.  Based  of  the  argument 
presented  by  Chapman  [6],  the  average  plasma  potential  is  expected  to  be  10 
to  15  volts  above  the  floating  probe  potential,  so  we  have  established  a 
condition  where  the  sheath  voltage  is  much  higher  at  the  powered  electrode 
(several  hundred  volts)  as  compared  to  the  sheath  voltage  at  the  grounded 
electrode  (tens  of  volts). 


We  studied  the  mass  transport  In  the  reactor  two  ways:  measuring  the 
partial  pressures  of  reactant  and  product  gases  downstream  with  a  quadrupole 
mass  spectrometer,  and  measuring  the  masses  of  the  deposited  films  by 
weighing  the  silicon  wafer  substrates  on  a  microbalance  before  and  after 
deposition.  The  results  of  the  weight-gain  measurements  are  shown  In 
Figure  3.  The  weight  gain  Is  attributed  entirely  to  carbon  since  the  mass 
of  hydrogen  is  only  836  of  that  of  carbon,  and  hydrogen  has  been  found  to  be 
a  minority  constituent  of  plasma  deposited  carbon  films  [7].  The  data  show 
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Figure  2.  Peak-to-peak  applied 
voltage,  average  electrode  bias 
voltage,  and  average  floating 
probe  potential  versus  RF  power 
of  a  methane  plasma  at  3000 
mtorr  pressure,  30  seem  flow 
rate,  2  MHz  excitation  frequency. 
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Figure  3.  Carbon  deposition  flux 
versus  power  on  substrates 
located  on  the  two  electrodes, 

300  mtorr  pressure,  30  seem  flow 
rate,  2MHz  excitation  frequency. 
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an  Increase  In  deposition  flux  with  plasma  power,  and  also  that  the 
deposition  flux  Is  several  times  higher  on  the  powered  electrode  than  on 
the  grounded  electrode,  indicating  that  the  higher  negative  bias  voltages 
lead  to  higher  deposition  rates. 

The  mass  spectroscopy  cracking  patterns  measured  downstream  for  three 
values  of  RF  excitation  power  are  shown  in  Figure  4.  Ignoring  masses  28  and 
44  which  are  dominated  by  impurities  in  the  quadrupole  detector  head,  we  can 
measure  the  mass  peaks  over  a  dynamic  range  of  four  decades.  At  zero  power 
(no  plasma)  we  see  the  cracking  pattern  for  99.99%  pure  research  grade 
methane,  which  contains  several  lines  between  masses  25  and  30  along  with 
the  expected  CH4  lines  between  12  and  18,  indicating  that  there  is  some 
reaction  in  the  mass  spectrometer  of  species  produced  by  the  dissociation  of 
methane  or  the  purity  of  our  methane  may  be  as  low  as  99. 9%.  The  following 
two  traces  taken  at  higher  powers  show  increases  in  signals  at  high  mass 
numbers,  resulting  from  chemical  reactions  of  the  fragments  produced  by  the 
electron  dissociation  of  methane  in  the  plasma.  Based  on  calibrations  of 
our  mass  spectrometer  with  pure  gases  of  CH4,  C2H4,  C2Hg,  C3Hg,  and  C4H.IO’ 
we  selected  mass  numbers  for  each  of  the  higher  hydrocarbon  groups,  C2H«, 
C^H^,  etc.,  which  did  not  significantly  overlap  the  cracking  patterns  of 
other  species.  This  Is  possible  in  our  experiments  because  the  higher 
hydrocarbons  are  always  less  abundant  than  the  lower  ones,  so  the 
interferences  from  the  low  mass  signals  from  these  higher  mass  species  are 
small.  The  hydrocarbon  groups  can  be  resolved  into  the  component  species 
only  in  the  simplest  case,  C2HX,  which  was  found  to  consist  of  about  70% 
C2Hg,  30%  C0H4,  and  a  few  percent  of  a  lower  mass  component  (probably  C2H2). 
A  plot  of  tne  mass  signals  from  the  different  hydrocarbon  groups,  and  H2,  is 
shown  versus  excitation  power  in  Figure  5.  It  shows  the  CH4  signal 
decreasing  with  power  as  H2  and  the  higher  hydrocarbons  increase. 


Based  on  the  weight  gain  measurements  and  estimates  of  product  gas 
pressures  via  mass  spectroscopy,  we  have  accounted  for  the  total  mass 
transport  In  the  reactor  to  compare  to  the  theoretical  calculations.  This 
is  illustrated  for  one  set  of  conditions  in  Figure  6,  showing  that  the  net 
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Figure  4.  Cracking  patterns  In  the 
mass  spectra  sampled  downstream 
from  a  methane  plasma  at  300  mtorr 
pressure,  30  seem  flow  rate,  2  MHz 
excitation  frequency. 


Figure  5.  Ion  currents  of  the 
species  in  the  exhaust  gases, 
versus  RF  excitation,  of  a 
methane  plasma  at  300  mtorr 
pressure,  30  seem  flow  rate, 

2  MHz  excitation  frequency. 
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Figure  6.  Mass  transport  of  carbon 
in  the  reactor  at  20  W  power, 

300  mtorr  pressure,  30  seem  flow 
rate,  2  MHz  excitation  frequency. 


Figure  7.  Average  electron 
energy  and  the  rate  coefficients 
for  dissociation  and  Ionization 
versus  E/n  for  methane. 


dissociation  of  methane  is  about  25%,  and  that  5%  of  the  carbon  entering  the 
reactor  is  deposited  on  the  electrodes  and  17%  Is  found  in  the  higher 
hydrocarbon  exhaust  gases  up  to  C3HX,  balancing  the  net  carbon  flux  within 
experimental  error.  We  can  not  measure  the  hydrogen  mass  balance. 


ELECTRON  KINETICS  CALCULATIONS 


The  E/n  values  in  typical  RF  deposition  discharges  are  in  the  range 
1000  to  100,000  Td  where  one  Td  (Townsend)  =  1  x  10-17  volt  /'m* 


cm1-.  E/n  is  the 

electric  field  to  gas  density  ratio.  E/n  is  the  scaling  parameter  for  the 
electron  energy  distribution  and  the  rate  coefficients  for  electron  impact 
dissociation  and  ionization.  Furthermore,  these  E/n  values  are  average 
fields  given  by: 


(E/n)avg  ^avg/nd 

where  Vflvg  is  the  average  magnitude  of  the  applied  RF  voltage,  n  is  the  gas 
density,  and  d  is  the  electrode  separation.  The  local  field  near  the 
instantaneous  cathode  is  even  higher  as  shown  by  the  experimental 
observations  of  Gottscho  and  Mandich  (8J  where  the  peak  field  is  about  6 
times  as  high  as  the  average  field  at  the  time  of  the  peak  applied  voltage. 

The  discharge  electrons  gain  energy  from  the  applied  electric  field  and 
lose  energy  primarily  in  electron-neutral  collisions  in  the  weakly  Ionized 
conditions  which  are  typical  of  low  pressure  RF  plasma  etching  discharges. 
Two  methods  have  been  used  to  study  the  electron  kinetics: 

1)  A  relaxation  method  which  finds  the  steady  state  electron  energy 
distribution  by  solving  a  time  dependent  version  the  the  electron 
Boltzmann  equation  and 

2)  A  Monte  Carlo  simulation  method  which  simultaneously  follows  a 
large  number  of  electron  trajectories  in  space  and  time. 
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The  Boltzmann  calculations  use  the  formulation  described  by  Rockwood 
[9]  and  a  computer  code  developed  by  Lacina  [10).  The  electron  energy 
distribution  is  represented  by  a  two  term  spherical  harmonic  expansion  in 
velocity  space.  The  loss  of  electron  in  attachment  as  well  as  the 
production  of  secondary  electron  in  ionization  are  taken  into  account.  The 
secondary  electrons  are  added  at  zero  energy.  A  time  dependent  version  of 
the  Boltzmann  equation  is  solved  numerically  in  order  to  find  the  steady 
state  distribution  function.  The  formulation  of  the  Monte  Carlo  model  is 
described  in  Ref.  11.  Its  assumptions  are  identical  to  those  of  the 
Boltzmann  equation  model.  Both  vibrational  excitation  and  dissociation  are 
Included  In  the  calculations.  These  two  processes  have  non  zero  cross 
sections  in  disjoint  energy  ranges  with  the  CH^  cross  section  set  used  here. 


Electron  Kinetics  Results 

The  results  of  steady  state  electron  energy  distributions  obtained  by 
numerically  solving  the  Boltzmann  equation  are  shown  in  Figure  7.  The 
quantities  plotted  include  the  average  electron  energy,  e,  and  the  rate 
coefficients  for  dissociation  and  ionization,  kd  and  k^.  An  estimate  of  the 
time  scale  for  relaxation  of  the  electron  energy  distribution  is  given  by: 


t  =  2/EW  -  (D/u)/EW 


where  D  is  the  electron  diffusion  coefficient  and  u  =  W/E  is  the  electron 
mobility.  When  the  calculated  mean  energy  is  used  in  this  expression  t  can 
be  obtained  from  the  results  of  the  steady  state  electron  energy 
distribution  calculations.  If  D/n  is  used  as  a  measure  of  the  electron 
energy  then  t  can  be  obtained  from  experimental  data.  Frost  and  Phelps  [12] 
define  the  corresponding  collision  frequency  as  the  "energy  exchange 
collision  frequency".  The  quantity  tn  is  a  function  of  E/n.  The  calculated 
energy  relaxation  times  for  CH^  at  the  high  E/n  values  which  are  typical  of 
RF  deposition  discharges  are  typically  a  few  ns,  short  compared  with  the  RF 
period.  Therefore,  time  and  space  averaged  electron  excitation  and 
dissociation  rates  can  be  used  in  rate  equation  models  in  order  to  predict 
the  chemical  kinetic  processes  which  are  active  during  film  deposition. 

For  the  plasma  conditions  of  300  mtorr,  30sccm  flow,  and  20W  RF  power, 
the  electric  field  was  determined  from  the  measured  peak-to  peak  RF  voltage 
divided  by  the  2  cm  electrode  spacing.  The  measured  peak  E/n  value  is  about 
5000  Townsends.  This  leads  to  an  average  value  of  about  1800  Townsends 
based  on  our  waveforms,  which  corresponds  to  k^  and  k^  values  that  are  about 
equal  at  5.5(10) -8  cm3/sec  as  seen  in  Figure  7.  These  values  are  used  as 
estimates  of  the  time  and  space  averaged  values  of  k^  and  kd  in  the  chemical 
kinetics  calculations.  Dissociation  and  ionization  are  the  dominant 
electron  energy  loss  channels.  Therefore: 


Power/Volume  =  kdng  ned  +  k1-  ngne^ 
and  we  estimate  the  average  electron  density: 

ng=  1.4(10)®  cm-® 
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From  solutions  of: 


dn/dt  =  -(kd  +  ki)  ng 


we  find  that  the  methane  density,  n,  is  reduced  to  about  45fc  its  initial 
value  after  the  0.1  second  residence  time  of  the  reactant  in  the  plasma. 
Experimentally  we  find  the  methane  density  to  be  75%  of  its  initial  value,  a 
significant  difference  between  theory  and  experiment.  We  will  see  In  the 
following  section  that  consideration  of  the  chemical  kinetics  of  the 
dissociated  species  can  reduce  this  discrepancy  via  homogeneous 
recombination  reactions. 


CHEMICAL  KINETICS  MODELLING 

The  time  and  space  averaged  densities  of  various  charged  and  neutral 
species  in  the  discharge  were  estimated  by  solving  rate  equations  of  the 
type: 

dn,  0. 

dT  ‘  *pj  ne  -  ^  "J  -  *Vl  j  Vj 

where  the  y  •  are  production  rates  due  to  electron-molecule  collisions, 
(D.-/Aj)nj  are  diffusion  loss  rates,  and  krijninj  are  reaction  loss  terms. 
TheseJ"pTug  flow  reactor"  equations  follow  the  species  densities  in  a  volume 
element  of  gas  as  it  flows  through  the  reactor.  The  rate  equations  are 
solved  using  the  numerical  method  of  Gear  |13]  and  the  computer  code  of 
Reference  10. 

The  electron  Impact  collision  rates  were  estimated  by  assuming: 


Ypj  =  kPJ  n  =  f  (EWn) n 


The  rate  coefficients  for  the  electron  collision  reactions  are  obtained  from 
the  results  of  the  electron  kinetics  calculations  discussed  above. 

The  diffusion  loss  rates  were  estimated  by  using  a  formulation 
developed  by  Chantry  [14].  It  takes  reflection  at  the  boundaries  Into 
account  by  deriving  an  effective  diffusion  length  which  Increases  as  the 
reflection  coefficient  at  the  boundaries  increases.  The  "extrapolated 
diffusion  length"  [15]  given  by: 


1  dn  _  1 

n  dx  "  "  x 

is  the  basis  for  this  formulation.  When  the  discharge  region  is  bounded  by 
parallel  planes  the  extrapolated  diffusion  length  for  species  j  Is  given  by: 

2D.(1+R) 

Xj  =  Vj(l-R) 

where  Dj  is  the  diffusion  coefficient,  Vj  Is  the  mean  velocity,  and  R  is  the 
reflection  coefficient  (1  minus  the  sticking  coefficient).  The  boundary 
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condition  Is  discussed  In  detail  by  Chantry  et  al  (16J.  The  corresponding 
effective  diffusion  length  is  given  by: 


1  1 
T~  2 

Aj  AO  +  l  X 


where  a0  *  d/u  is  the  conventional  diffusion  length,  iQ  Is  the  ratio  of  the 
discharge  volume  to  Its  wall  area.  The  diffusion  rates  were  estimated  by 
using  the  known  ion  mobilities  In  the  expression: 


Dn  =  pn  (kT^/e) 


where  k  Is  the  Boltzmann  constant,  T^  Is  the  Ion  temperature  which  Is 
assumed  to  be  the  same  as  the  gas  temperature,  and  e  Is  the  electronic 
charge.  Sticking  coefficients  are  not  known  for  the  species  of  Interest 
here,  but  their  values  strongly  affect  the  net  diffusion  losses  to  the  walls 
(deposition  rates).  Several  authors  (5,17)  have  suggested  that  sticking 
coefficients  can  be  less  than  unity.  In  fact,  for  high  coverages  as  we  have 
In  our  deposition  experiments,  very  low  values  may  be  reasonable  for  some 
species  (181.  Processes  other  than  simple  reflection  must  also  be 
considered.  Including  the  entire  set  of  dissociative  chemisorption  processes 
that  result  In  heterogeneous  reaction  products  returning  to  the  plasma,  and 
charge  neutralization  of  ionized  species.  These  processes  and  their  rates 
are  known  to  depend  upon  fluxes  and  energies  of  the  Ions  Incident  upon  the 
surface.  We  have  performed  the  chemical  kinetics  calculations  handling 
these  diffusion  losses  In  several  different  ways  In  order  to  elucidate  the 
chemical  reaction  paths  In  the  plasma.  The  comparisons  are  made  to  the  same 
set  of  experimental  conditions  that  we  discussed  above  in  the  section  on 
electron  kinetics  calculations.  Space  Is  not  available  In  this  article  to 
discuss  all  of  the  reactions  and  chemical  kinetics  data  that  went  Into  the 
calculations.  Another  publication  Is  planned  for  the  near  future  to  deal 
with  these  topics  more  completely. 


Results  And  Comparison  To  Experiments 

We  will  first  describe  a  model  based  on  a  set  of  assumed  surface 
reactions  that  lead  to  results  reasonably  close  to  those  observed 
experimentally.  We  will  then  discuss  how  the  predictions  of  the  model  are 
changed  when  different  surface  reactions  are  used.  This  model  is 
Illustrated  schematically  In  Figure  8,  showing  the  methane  dissociation  and 
the  main  reaction  paths  leading  to  deposition,  recombination,  and  production 
of  stable  gaseous  products  In  the  downstream  gases.  The  predictions  of 
species  densities  and  deposition  rates  of  this  model  agree  with  experimental 
measurements  to  within  about  a  factor  of  two.  For  this  case  we  assumed  a 
sticking  coefficient  of  unity  for  and  0.02  for  CH3,  other  Ions  are 
assumed  only  to  neutralize  at  the  walls,  and  no  other  surface  reactions  were 
considered.  It  can  be  seen  that  CH3  is  the  key  Intermediate  radical  In  one 
of  the  deposition  paths  and  In  the  production  of  the  stable  products,  C^Hg 
and  C2H4.  Not  obvious  from  the  diagram  is  the  fact  that  most  of  the  CH3  is 
produced  from  CH3+  via  the  cycle  which  includes  C2Hg+  and  C2HC.  The  higher 
the  sticking  coefficient  of  CH3+,  the  better  the  agreement  with  the 
experiments,  hence  unity  was  used.  CH3  was  chosen  to  have  non-zero  sticking 
coefficient  because  It  results  In  uniform  deposition  rates  as  we  observe 
experimentally.  The  value  of  0.02  yields  a  rate  that  agrees  with  experi¬ 
ments.  We  probably  could  have  fit  the  data  nearly  as  well  by  assuming 
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Figure  8.  Schematic  diagram  of  the  chemical  kinetic  paths  in  the  methane 
plasma  for  assumed  surface  reactions  leading  to  realistic  prediction. 


non-zero  sticking  coefficient  for  C2H5+,  but  deposition  would  not  have  been 
as  uniform.  Other  reactive  species  were  found  to  have  deposition  rates  with 
much  stronger  dependence  upon  position,  or  were  present  in  such  small 
quantities  that  deposition  would  be  insignificant  even  If  unit  sticking 
coefficients  were  assumed.  These  findings  are  summarized  In  Table  I, 
obtained  for  a  case  that  was  calculated  assuming  unit  sticking  coefficients 
for  all  reactive  species  present  in  significant  quantities.  Here  the  model 
predicted  far  too  much  deposition  and  not  enough  stable  stable  gas  products. 
Other  cases  were  run  to  help  us  sort  out  the  important  processes.  When 
homogeneous  ion-molecule  reactions  were  excluded  from  the  calculation,  for 
example,  a  lower  net  dissociation  of  methane  was  seen,  comparable  to 
experiments,  but  deposition  rates  and  product  species  were  much  too  low. 

Conclusions 

We  have  developed  a  model  which  is  capable  of  treating  the  Important 
physical  and  chemical  processes  leading  to  the  deposition  of  carbon  films. 
Even  though  the  mass  transport  rates  In  the  deposition  reactions  amounts  to 
only  a  few  percent  of  the  reactant  flow  rates  in  this  example,  their 
influence  on  the  gas  phase  chemistry  Is  much  greater.  This  is  probably 
valid  in  any  practical  set  of  conditions  used  for  deposition. 

Comparison  of  the  model  to  experiments  leads  us  to  conclude  that  the 
most  likely  species  Involved  in  the  deposition  processes  are  CH3+,  CH3,  and 
C2Hg+  that  or<ter*  There  is  good  evidence  for  excluding  other  radicals 
and  ions  as  major  contributors  to  deposition.  Our  best  case  model  uses 


TABLE  I 


Deposition  Rates  for  Reactive  Species  when  Unity  Sticking 
Coefficients  are  Assumed. 


Model  Predictions: 


Species 

Deposition  Rate 

Spatial 

Distribution 

CHo 

CH 

C2H5 

4.6(10)J2 

6.6(10)12 

3.0(10) 

Uniform 

Less  Uniform 
Less  Uniform 

CH,+ 

CH, 

C2»V 

1.1(10)15 

2.0(10)15 

9.1(10)15 

Uniform 

Uniform 

Less  Uniform 

ch5+ 

1.8(10)16 

Non-Uniform 

Exparimental  Deposition: 

5.0(10)15 

Uniform 

sticking  coefficients  of  1.0  and  0.02  for  CH^  and  CH^  respectively.  Our 
mass  transport  data  show  a  strong  dependence  of  deposition  rates  on  the 
plasma  sheath  potential. 

We  would  like  to  see  independent  determinations  made  of  the  individual 
surface  reaction  rates,  for  example,  with  radical  ion  beams.  This  would 
greatly  reduce  the  amount  of  estimating  needed  to  make  predictions  with  the 
model . 
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Thermal  desorption  methods  have  been  used  to  investigate  the 
interaction  of  propylene  (C3H6)  with  Si(100)-(2  X  1).  The 
adsorption  characteristics  depend  strongly  on  the  availability  of 
active  sites  at  the  Si(100)  surface.  Reactivity  is  enhanced  by 
production  of  active  sites  during  ion  prebombardment.  Adsorption 
of  C3H6  to  a  disordered,  ion  bombarded  Si(100)  surface  results  in 
nearly  complete  dissociation  of  C3H6  for  current  densities  as 
small  as  10^  Ar+  ions/cm2.  in  contrast,  for  a  thermally 
annealed  and  ordered  Si(100)  surface,  only  ~  60%  of  the  C3H5 
dissociates.  The  remainder  of  the  propylene  chemically  bonds  to 
the  surface  as  an  undissociated  molecule  which  desorbs  intact  at 
550  K.  The  increase  in  reactivity  is  due  to  an  increase  in 
dissociative  chemisorption  which  occurs  at  defect  sites  produced 
by  ion  bombardment.  Reactivity  is  suppressed  by  capp i ng  of 
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ABSTRACT 


Thermal  desorption  methods  have  been  used  to  investigate  the 
interaction  of  propylene  (C3H6)  with  Si(100)-(2  X  1).  The 
adsorption  characteristics  depend  strongly  on  the  availability  of 
active  sites  at  the  Si(100)  surface.  Reactivity  is  enhanced  by 
production  of  active  sites  during  ion  prebombardment.  Adsorption 
of  C3H6  to  a  disordered,  ion  bombarded  Si (100)  surface  results  in 
nearly  complete  dissociation  of  C3H5  for  current  densities  as 
small  as  10 1  ^  Ar+  ions/cm^.  in  contrast,  for  a  thermally 
annealed  and  ordered  Si (100)  surface,  only  -  60%  of  the  C3H6 
dissociates.  The  remainder  of  the  propylene  chemically  bonds  to 
the  surface  as  an  undissociated  molecule  which  desorbs  intact  at 
550  K.  The  increase  in  reactivity  is  due  to  an  increase  in 
dissociative  chemisorption  which  occurs  at  defect  sites  produced 
by  ion  bombardment.  Reactivity  is  suppressed  by  capp inq  of 
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active  sites  using  atomic  hydrogen  preadsorption.  Hydrogen 
passivates  the  Si(100)  surface  by  occupation  of  silicon  dangling 
bonds,  which  prevents  adsorption  of  C3H6.  By  controlling  the 
number  and  kind  of  active  surface  sites  in  this  way,  it  is 
possible  to  manipulate  the  reactive  ability  of  the  Si(100)  sur¬ 
face  . 

I.  INTRODUCTION 

The  ability  to  control  the  reaction  of  gas-phase  hydrocar¬ 
bons  with  semiconductor  surfaces  forms  the  basis  for  several 
technological  processes.  Chemical  vapor  deposition  (CVD),  plasma 
vanor  deposition  (°VD),  reactive  ion  etching  (RIR),  and  epitaxial 
growth  all  depend  uoor.  '-.lie  ability  of  molecules  to  react  with  a 
surface.  There  has  been  limited  understanding  of  these  processes 
due  to  the  high  pressures  involved  and  the  lack  of  controls  in  a 
typical  plasna  reactor.  A  number  of  studies  have  shown  that 
deposition  and  etch  rates  have  been  increased  by  energetic  par¬ 
ticle  bombardment  of  the  surface  during  exposure  to  reactive 
gases  [1-5] ;  however,  it  has  been  difficult  to  determine  which 
step  in  the  process  (adsorption,  product  formation,  or  desorp¬ 
tion)  is  directly  affected  by  the  irradiation.  Our  interest  in 
examining  propylene  on  Si(100)  is  to  obtain  a  better 
understanding  of  the  reactivity  of  Si  toward  this  class  of  hydro¬ 
carbon  molecules.  This  system  has  a  direct  connection  to  SiC 
thin  film  formation  in  CVD  and  PVD  processes. 


II 


EXPERIMENTAL  PROCEDURES 


The  experiments  were  performed  in  an  ion-pumped,  stainless 
steel  UHV  system  equipped  with  a  scanning  Auger  spectrometer,  a 
quadrupole  mass  spectrometer,  and  a  plasma  discharge  ion  source. 
The  ion  source  was  used  for  in  situ  cleaning  and  ion  irradiation 
of  the  Si (100)  surface,  and  possessed  rastering  and  focusing 
capabilities.  The  angle  of  incidence  of  the  ion  beam  with 
respect  to  the  surface  normal  was  70  degrees.  Surface  cleanli¬ 
ness  was  verified  by  Auger  spectroscopy.  Thermal  desorption 
spectra  were  recorded  digitally  with  a  multiplexed,  computer- 
driven  mass  spectrometer  system  which  could  record  several  mass 
peaks  simultaneously.  Integration  of  the  desorption  spectra  and 
linear  background  subtraction  were  performed  through  software 
routines.  The  temperature  ramp  for  thermal  desorption  was  pro¬ 
vided  by  a  focused  900  W  tungsten-halogen  lamp.  The  temperature 
ramp  was  nonlinear  but  highly  reproducible.  Propylene  was  deli¬ 
vered  to  the  Si(100)  surface  by  using  a  precision  tubular  molecu¬ 
lar  beam  doser.  The  flow  rate  from  the  doser  was  controlled  by  a 
2.6  micron  diameter  orifice  inside  the  doser  assembly.  The  flux 
rate  was  2.4  x  10^  molecules/torr-sec ,  varied  by  adjustment  of 
backing  pressure  and  time.  The  on/off  character ist ic  of  the 
doser  approximated  a  square  pulse  with  a  sharp  leading  edge.  A 
heated  circular  loop  of  20  mil  W  wire  served  as  a  source  for  ato¬ 
mic  hydrogen  by  molecular  dissociation  of  H2<g)  to  2H(q).  Due  to 
the  unknown  H(g)  arrival  rate  at  the  Si(100)  surface,  we  specify 
the  exposure  in  Langmuirs  (1  L  =  10~6  torr-sec)  of  the  constant 
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background  H2(g)  pressure  used  and  the  time  of  exposure.  The 
filament  temperature  was  2100  K  and  the  sample-emitter  distance 
was  2  cm  during  the  exposure.  The  Czochralski  grown  silicon  was 
B-doped,  p-type  material  of  10  ohm-cm  resistivity.  The  base 
material  was  oriented  by  Laue  back  reflection  (±1°),  and  Si(100) 
slices  were  cut  and  polished  into  specimens  1.5  cm  x  1.5  cm  x 
0.17  cm  thick.  These  were  cleaned  prior  to  insertion  into  the 
chamber  using  standard  degreas inq/oxidat ion/HF  cleaning  proce¬ 
dures. 

III.  RESULTS  AND  DISCUSSION 

A .  Active  Surface  Sites  on  Clean,  Ordered  Si(100) 

Investigation  of  t.ne  ponding  and  reactivity  of  C3H5  with 
S  i  (  10  0)  using  temperature  programmed  desorption  (TPD)  techniques 
is  shown  in  Figure  1.  The  surface  was  prepared  by  2  kV 
soutter  cleaning,  followed  by  high  temperature  annealing  in 
vacuum.  The  annealing  was  carried  out  at  a  temperature  of  1075  K 
for  about  5  minutes.  Studies  by  Bean  et  al.  [6]  have  shown  that 
a  well-ordered  Si(100)-(2  X  1)  surface  is  recoverable  by  this 
p  roced  u  re . 

The  prooylene  adsorption  was  carried  out  at.  a  temperature  of 
130  K.  Two  desorption  peaks  are  observed:  a  weaker  bind  inn  state 
of  Large  population  at  about  550  K,  anti  a  stronger  binding  state 
of  low  relative  population  at  about  300  K.  the  stronger  binding 
state  is  evident  only  at  low  coverages  of  propylene;  at  higher 
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coverages,  it  is  lost  in  the  trailing  edge  of  the  weaker  bound 
state.  The  observation  of  an  intact  propylene  molecule  desorbing 
at  such  high  temperatures  on  Si(100)  is  somewhat  surprising,  and 
points  to  the  establishment  of  a  rather  strong  Si-C3H6  surface 
bond  which  probably  forms  at  the  C=C  molecular  site  in  the  mole¬ 
cule.  Calculation  of  the  desorption  energy  and  preexponential 
factor  were  made  assuming  first-order  kinetics.  Following  the 
analysis  of  Chan  et  al.  [7],  the  desorption  energy  was  calculated 
to  be  1.2  eV  and  the  preexponential  factor  was  found  to  be  9.3  x 
109  s-1. 


Only  -  40%  of  the  adsorbed  propylene  remains  intact  during 
adsorption  and  can  be  liberated  by  thermal  desorption.  The 
remainder  undergoes  dissociation.  This  was  shown  by  measuring 
the  C/Si  Auger  ratio  before  and  after  thermal  desorotion. 
Throughout  the  range  of  coverages,  ~  60%  of  the  carbon  that  was 
adsorbed  remained  on  the  surface  in  the  form  of  a  carbon- 
containing  overlayer  (See  Figure  2).  There  are  thus  two  reaction 
pathways  for  C3H6  on  Si(100).  In  one  pathway,  propylene  chemi¬ 
cally  bonds  to  Si(100)  as  an  undissociated  molecule  which  desorbs 
intact.  In  the  other  pathway,  propylene  dissociatively  chemi¬ 
sorbs  to  fragments  of  unknown  character.  Examination  of  other 
molecular  species  likely  to  desorb  as  a  result  of  fragmentation 
was  negative;  in  particular,  no  H2(g)  was  observed  above  the 
background  hydrogen  signal. 


B.  Enhancement  of  Reactivity  by  Active  Site  Production 


The  effect  of  surface  defects  on  the  thermal  desorption  of 


C3H6  on  Si(100)  is  shown  in  Figure  3. 


In  this  experiment,  the 


defocused  bea^ 


silicon  surface  was  prebombarded  with  a  rasta-ed, 
of  Ar4-  ions  at  an  accelerating  potential  of  2.0  kV.  A  constant 
dose  of  1.2  x  1014  propylene  molecules  per  square  centimeter  was 
then  added  to  the  damaged  surface.  By  performing  the  ion  irra¬ 
diation  before  adsorption,  we  are  able  to  separate  the  effect  of 
surface  defect  enhancement  of  reactivity  from  other  processes 
such  as  ion-induced  dissociation  of  adsorbed  layers  and  free 
radical  production  in  the  gas  phase. 

The  resulting  desorption  curves  show  that  increased  surface 
disorder  results  in  enhanced  chemical  reactivity.  This  is 
demonstrated  by  the  reduction  in  the  propylene  desorption  yield 
with  increasing  fluences  of  prebombarding  Ar  +  ions.  The  reduc¬ 
tion  in  propylene  desorption  yield  is  characterized  in  Figure  4. 
It  is  observed  that  little  change  in  silicon  surface  chemistry 
occurs  for  Ar+  current  densities  below  1 0 1 2  ions/cm2.  For  addi¬ 
tional  prebombardment,  however,  the  desorption  yield  falls 
steadily  to  an  asymptotic,  near-zero  value  which  is  reached  when 
about  10^5  ions/cm2  have  collided  with  the  surface.  The  fact 
that  such  small  ion  current  densities  affect  the  surface  che¬ 
mistry  has  fundamental  implications  for  PVD  and  RIF  processes, 
which  are  typically  performed  under  conditions  of  high  pressure 
and  high  ion  bombardment  rates.  It  is  possible  to  calculate  a 
damage  cross  section  for  the  production  of  surface  Si  defects  by 


ion  bombardment  [3].  Here  we  use  the  relative  concentration  of 
undecomposed  C3H6  as  an  index  of  the  fraction  of  undamaged  Si 
surface  sites.  For  the  concentration  of  undamaged  C3H6  species 


at  the  surface,  'l(t). 


N( t)  =  N0  exp  (-I0t/Ae)  ( 1 ) 

where  N0  is  the  initial  undamaged  C3H6  concentration 
( molecules/cm^ ) ,  1  is  the  total  ion  current,  A  is  the  irradiated 
area,  t  is  the  time,  and  e  is  the  electronic  charge,  1.6  x  10*13 
coulombs.  0  is  the  effective  cross  section  for  the  surface 
defect-stimulated  decrease  in  N(t)/N0.  Thus  Q  is  a  measure  of 
the  cross  section  for  the  Si(100)  damage  by  Ar+  as  detected  by 
chemical  means.  Using  values  for  N  taken  from  the  desorption 
peak  areas  in  Figure  4,  the  damage  cross  section  for  2  kV  Ar+ 
ions  is  2.7  x  10*15  cm2  [9] ,  The  points  were  fitted  by  a  least 
squares  exponential  with  a  coefficient  of  determination  of  0.81 
( perfect  fit  =  1.00). 

C.  Suppression  of  Reactivity  by  Active  Site  Capping 

Preadsorbed  hydrogen  acts  to  prevent  proDylene  adsorption  by 
occupation  of  potential  adsorption  sites.  The  effect  is  shown  in 
Figure  5.  Varying  preexposures  of  atomic  hydrogen  were  adsorbed 
onto  a  clean,  annealed  face  of  Si(100) ,  followed  by  addition  of  a 
constant  dose  (1.2  x  1 0 1 4  molecules/cm2 )  of  C3H5.  The  overlayer 
was  then  desorbed  in  the  usual  fashion.  The  resulting  desorption 
curves  show  that  higher  preexoosures  of  H  result  in  lower  prooy- 

i 

;  lene  desorption  yields.  The  desorption  peak  is  also  observed  to 

I 

;  shift  to  higher  temperatures.  It  appears  that  the  weak  C3H6 
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binding  state  near  550  K  is  influenced  more  by  the  H  underlayer 
than  the  stronger  C3H6  binding  state  at  590  K.  The  reduction  in 
desorption  yield  is  due  to  a  reduction  in  the  propylene  adsorp¬ 
tive  capacity  rather  than  an  increase  in  molecular  dissociation 
at  the  surface.  In  other  words,  fewer  molecules  of  propylene 
have  desorbed  because  fewer  have  adsorbed  on  the  H-capped  Si  sur¬ 
face.  This  was  shown  by  investigation  of  the  mass  spectrometer 
signal  .for  C3H6  during  adsorption,  which  showed  that  higher 
preexposures  to  hydrogen  resulted  in  lower  propylene  uptake  by 
the  Si(100)  surface.  Hydrogen,  therefore,  acts  to  suppress  the 
reaction  between  C3H6  and  Si(100)  by  capping  of  dangling  Si  sur¬ 
face  sites.  Once  occupied,  the  bonding  sites  are  unable  to  com¬ 
bine  with  propylene  and  the  surface  is  rendered  passive  to 
further  chemical  reaction. 


D.  The  Range  of  Active  Site  Manipulation 


The  range  over  which  Si(100)  surface  reactivity  may  be 
altered  by  surface  defect  site  production  and  H-capping  has 
implications  for  CVD  and  RIE  processes.  A  pertinent  question  is 
whether  the  two  effects  described  above  can  be  played  anainst  one 
another.  For  example,  can  the  active  sites  produced  by  ion  bom¬ 
bardment  be  subsequently  capped  by  hydrogen  adsorption? 

The  answer  is  yes,  as  shown  by  the  following  experiment:  (1) 
a  heavily  disordered  Si(100)  surface  was  prepared  by  prebombard¬ 
ment  with  >  1.0  x  1015  Ar+/cm2;  (2)  the  disordered  surface  was 
exposed  to  varying  amounts  of  atomic  hydrogen;  (3)  a  constant 
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dose  ef  1.2  x  10^  molecules  per  cm^  was  added  to  tne  sur¬ 

face;  and  (4)  the  overlayer  was  desorbed  in  the  normal  fashion. 
Step  3  was  monitored  by  the  mass  spectrometer  to  characterize  the 
reflected  flux  of  propylene  by  the  crystal.  This  was  done 
because  no  propylene  desorption  was  observed:  for  a  fully  disor¬ 
dered  surface,  no  desorption  was  observed  because  propylene 
dissociates  on  adsorption;  for  a  fully  capped  surface,  no  desorp¬ 
tion  was  observed  because  no  propylene  adsorbs;  for  an  inter¬ 
mediate  case,  no  desorption  was  observed  because  some  of  the 
incident  propylene  dissociates  and  the  rest  does  not  adsorb. 

The  propylene  uptake  by  the  damaged  Si (100)  surface  after 
various  exposures  to  hydrogen  is  shown  in  Figure  6.  In  this 
figure,  the  reflection  of  C3H6  from  the  Si(100)  face  as  seen  by 
the  mass  spectrometer  is  recorded  during  propylene  adsorption. 
When  a  typical  dose  of  C3H6  is  applied  to  a  clean  Si(100) 
crystal,  the  reflected  signal  approximates  a  square  pulse  with  a 
sharp  leading  edge,  shown  by  curve  d  at  low  H  exposures.  The 
flat  plateau  in  the  reflected  C3H6  signal  indicates  a  constant 
sticking  coefficient  during  adsorption.  Termination  of  uptake  by 
the  crystal  is  indicated  by  a  gradual  rise  in  the  mass  spectro¬ 
meter  signal  at  the  end  of  the  adsorption  plateau,  as  a  larger 
fraction  of  the  incident  molecules  are  reflected. 

It  is  readily  observed  that  the  C3H6  uptake  decreases  for 
larger  exposures  to  hydrogen.  This  indicates  a  loss  of  available 
adsorption  sites,  and  shows  that  the  active  sites  produced  by  ion 


bombardment  may  be  capped  by  hydrogen  adsorption.  For  low  expo¬ 


sures  (*•  1  L),  there  is  little  effect  on  propylene  uptake.  For 
exposures  above  -•  10  L,  however,  C3H6  uptake  occurs  for  only  a 
brief  interval  after  the  doser  is  turned  on.  This  indicates  that 
the  adsorptive  capacity  for  propylene  on  the  ion  bombarded  sur¬ 
face  is  decreasing  with  larger  H  exposures.  Auger  examinations 
of  the  surface  suoport  this  view,  as  higher  exposures  of  the 
disordered  surface  to  atomic  hydrogen  is  accompanied  by 
decreasing  surface  concentrations  of  C  produced  by  dissociation 
of  C3H6. 

IV.  CONCLUSIONS 

The  reaction  of  propylene  with  Si (100)  occurs  via  two 

simultaneous  pathways.  In  the  first,  propylene  bonds  to  the 

silicon  surface  as  an  undissociated  molecule  which  desorbs  intact 

at  a  temperature  of  ~  550  K  with  a  desorption  activation  energy 

of  '  1.1  eV.  In  the  second,  propylene  dissociatively  chemisorbs 

to  fragments  of  unknown  character.  By  manipulation  of  active 
f 

sites,  it  is  possible  to  control  the  degree  of  chemical  reaction 
at  the  surface.  Reaction  is  promoted  by  production  of  active 
defect  sites  during  ion  prebombardnent .  Reaction  is  suppressed 
by  removal  of  active  sites  by  hydrogen  caoping.  By  manipulating 
the  degree  of  ion  bombardment  and  hydrogen  adsorption,  the 
effects  may  be  played  against  each  other  to  produce  a  full  range 
of  reactive  chemistry  on  Si(100).  That  silicon  surface  chemistry 
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is  directly  influenced  by  formation  of  surface  defects  has  signi 
ficance  for  processes  of  CVD  and  RIF. 
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FIGURE  CAPTIONS 


C3H6  thermal  desorption  spectra  from  clean,  annealed 
Si(100).  The  existence  of  active  surface  adsorption 
sites  are  indicated  with  a  binding  energy  for  C3H5  of  - 
1.2  eV. 

Comparison  of  the  C/Si  AES  peak  ratio  before  and  after 
thermal  desorption.  About  60%  of  the  adsorbed  C3H6  has 
dissociated. 

C3H6  thermal  desorption  spectra  from  disordered  S i  ( 10  0  } 
for  increasing  Ar4"  prebombardment.  The  decrease  in 
desorption  yield  for  increasing  Ar  +  current  indicates  an 
enhancement  of  reactivity  by  active  site  production. 

C3H6  thermal  desorption  peak  area  from  Si(100)  v_s.  pre- 
bombarding  Ar4-  current  density.  The  peak  areas  were 
calculated  from  the  data  of  Fig.  2.  (Inset)  Calculation 
of  the  cross  section  for  the  production  of  surface 
defects  on  Ar4"  bombarded  Si  (100).  The  cross  section  is 
2.7  x  10”  15  cm2. 

C3H6  thermal  desorption  spectra  from  ordered  Si(100)  vs . 
preadsorbed  H  exposure.  The  desorption  yield  decreases 
with  H  coverage  due  to  site  capping,  which  suppresses 
the  amount  of  propylene  which  can  be  adsorbed. 


Fig.  6  Reflected  C3H6  signal  from  \eaviiy  damaged  Si(iJO)  vs. 

preadsorbed  H  exposure.  The  sites  created  by  the  ion 
bombardment  are  subsequently  capped  by  H  adsorption, 
resulting  in  lower  propylene  uptake  by  the  crystal. 
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ABSTRACT 

Methods  for  studying  semiconductor  surface  chemistry  are 
presented.  It  is  shown  that  adsorption  and  desorption  kinetic 
measurements,  when  combined  with  Auger  spectroscopy,  can  give 
useful  insights  into  fundamental  elementary  surface  kinetic  pro¬ 
cesses  which  are  important  in  understanding  the  behavior  of 
complex  CVD ,  DVD ,  or  RI E  processes.  Techniques  for  crystal  pre¬ 
paration,  mounting,  temperature  control,  and  reaction  kinetic 
measurements  are  given  using  examples  from  the  adsorption  and 
reaction  of  propylene  with  Si(100).  An  illustration  of  the  mani 
pulation  of  active  site  availability  on  Si(100)  is  described. 


a  Department  of  Physics,  University  of  Pittsburgh,  Pittsburgh,  I 
b  West i nghouse  Research  &  Development  Center,  Pittsburgh,  PA 


I.  INTRODUCTION 


The  surface  chemistry  which  occurs  on  semiconductor  surfaces 
is  or  fundamental  importance  to  many  semiconductor  technologies. 
Processes  of  chemical  vapor  deposition,  reactive  ion  etching,  and 
epitaxial  film  growth  are  largely  dependent  upon  the  interaction 
of  gaseous  species  with  a  semiconductor  surface.  Often,  the 
technological  procedure  is  a  complex  mixture  of  elementary  pro¬ 
cesses  at  the  surface.  It  is  desirable  to  have  chemical  and  phy¬ 
sical  methods  for  studying  these  elementary  processes  in  detail 
in  order  to  acquire  insight  into  the  factors  which  control  the 
complex  technological  procedures,  or  to  enable  the  invention  of 
new  technological  methods  for  semiconductor  processing. 

This  paper  describes  simple  and  effective  methods  for 
understanding  the  chemical  reactions  which  occur  on  semiconductor 
surfaces.  Although  many  of  the  semiconductor  technological  pro¬ 
cesses  are  carried  out  in  high  pressure  or  plasma  environments, 
the  objective  of  understanding  the  elementary  surface  processes 
can  best  be  met  by  studies  carried  out  in  ultrahigh  vacuum,  where 
control  of  the  surface  chemistry  may  be  achieved  without  inter¬ 
ference  from  the  effects  of  impurities  or  side  reactions. 

II.  PREPARATION  AND  MOUNTING  OF  SEMICONDUCTOR  SINGLE  CRYSTALS  FOR 

STUDIES  IN  AN  ULTRAHIGH  VACUUM  ENVIRONMENT. 

Semiconductor  single  crystal  wafers  are  prepared  by  standard 
orientation  and  cutting  techniques,  followed  by  polishing  and 


chemical  cleaning  in  the  laboratory  atmosphere.  The  final 
cleaning  is  achieved  in  ultrahigh  vacuum  using  either  ion  bom¬ 
bardment  or  chemical  procedures. 

\  simple  and  highly  successful  mounting  pro.reo .. re  [1]  for  i 
wafers  is  shown  in  Figure  1.  The  rectangular  wafer  is  prepared 
by  sawing  0.25  mm  wide  slots  along  three  edges  of  the  1.5  mm 
thick  crystal  as  shown  in  the  figure.  Two  of  these  slots  receive 
ohmic  heating  contacts  made  of  0.1  mm  Ta  sheet  bent  to  fit  over 
1.0  mm  diameter  W  support  rods  in  a  fashion  that  permits  the  Ta 
sheet  to  form  a  spring  contact  inside  the  Si  slot.  A  third 
sprinq  contact  is  welded  to  a  thermocouple  junction  and  spring- 
loaded  into  the  third  slot.  The  geometrical  arrangement  shown  in 
Figure  1  is  useful  in  the  following  ways: 

1.  All  heated  metal  surfaces  are  out  of  1 ine-of-s ight  con¬ 
tact  with  the  front  surface  of  the  Si  crystal,  pre¬ 
venting  high  temperature  chemistry  on  the  metal  from 
influencing  the  semiconductor  surface. 

2.  Good  ohmic  contact  is  achieved. 

3.  Good  thermocouple  contact  is  achieved  as  indicated  by 
excellent  agreement  (±  5K )  between  pyrometer  and  ther¬ 
mocouple  measurements. 

4.  Excellent  thermal  contact  between  the  crystal  and  the 
1 iqu i d- n  i  t roqen  cooled  sapphire  mounting  block  is 
achieved,  and  crystal  temperatures  of  90K  may  be 
obta i ned . 

A  second  procedure  for  mounting  semiconductor  crystals  has 
been  devised  as  shown  in  Figure  2.  Here,  for  semiconductor 


crystals  which  are  irregular  or  too  hard  for  convenient  sawing,  a 
high  temperature  cement  may  be  used  to  mount  the  crystal  onto  a  W 
support  disk.  We  have  found  that  the  cement  Ultratem  516 
(Aremco)  is  particularly  convenient  for  attachment.  The  insu¬ 
lating  adhesive  may  be  mixed  with  a  small  amount  of  graphite  to 
insure  sufficient  electrical  conductivity  to  avoid  charging 
during  studies  by  XPS  or  Auger  methods.  Our  measurements  indi¬ 
cate  that  minimal  outgassing  occurs  from  this  adhesive  up  to 
1400K.  Prior  to  cementing,  the  W  disk  may  be  spot  welded  to  sup¬ 
porting  wires  of  W  or  Ta  which  connect  to  the  remainder  of  the 
mounting  assembly.  It  is  also  possible  to  attach  small  diameter 
thermocouples  to  the  crystal  using  a  90%/lQ%  Au/Ta  alloy 
( mp  =  1450  K)  which  wets  the  metal  and  semiconductor  surface. 
Attachment  must  be  done  in  a  preparative  vacuum  chamber  to  avoid 
gross  oxidation  of  the  metals.  The  procedures  illustrated  in 
Figure  2  have  been  employed  with  SiC  crystals  [2] ,  but  are  also 
applicable  to  almost  any  crystal. 


III.  HEATING  AND  TEMPERATURE  PROGRAMMING  OF  SEMICONDUCTOR 
CRYSTALS. 

A.  Heating  Methods 


Resistive  heating  of  semiconductors  is  complicated  by  the 
temperature  dependent  decrease  in  resistivity  of  semiconducting 
materials.  This  is  shown  graphically  in  Figure  3,  where  a  nomi¬ 
nally  10  ohm-cm  Si  crystal  of  dimensions  shown  in  Figure  1  is 
subjected  to  a  16  volt  dc  bias,  using  a  current  limited  power 
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supply.  A  highly  non-linear  temperature  program  results,  and  the 
voltage  must  be  reduced  as  the  temperature  rises  above  about  600 
K  for  this  particular  crystal.  In  the  absence  of  the  current 
cont  >1  at  the  critical  tempeLature,  a  runaway  situation  couli 
develop  leading  to  the  destruction  of  the  crystal.  For  this 
reason,  feedback  techniques  are  generally  more  satisfactory,  and 
high  temperature  crystal  annealing  is  readily  ac ; i "o 1 i shed  by 
means  of  a  thyristor-controlled  power  supply  which  is  schemati¬ 
cally  shown  in  Figure  4.  For  temperature  programming,  a  well- 
desio  ed  digital  proorammer  that  could  be  modified  for  use  with 
semiconductors  has  been  described  in  reference  [3] . 

Another  simple  technique  for  temperature  programming  involves 
radiative  heating  techniques  [4-6].  A  highly  reproducible  tem¬ 
perature  ramp  can  be  generated  by  directing  a  focused  beam  of 
light  on  the  crystal  mounted  in  a  vacuum  system  as  shown  in 
Figure  5.  In  this  apparatus,  a  blower-cooled  900  watt  tungsten- 
halogen  projector  lamp  is  focused  on  the  semiconductor  surface  by 
a  condenser  lens  mounted  outside  the  main  viewport  of  the  vacuum 
chamber.  The  temperature  ramp  generated  by  this  method,  while 
non-linear,  is  quite  reproducible  to  about  ±  5K  over  a  time 
period  of  several  weeks,  as  shown  in  Figure  6.  Temperature 
programming  up  to  -  900K  is  readily  achieved  when  conduction 
losses  at  the  crystal  are  minimized  and  when  a  high  speed  lens 
system  is  employed.  A  high  speed  lens  is  necessary  because  the 
energ,  throughput  of  a  lens  is  proportional  to  ( a,  1 ) 2 ,  where  a  is 
the  lens  diameter  and  1  is  the  focal  length.  Highest  light 
transmission  is  obtained  by  using  a  large  lens.  We  have  achieved 
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excellent  results  with  a  single  glass  double  convex  lens  (f/1.32) 


and  a  magnification  of  unity.  The  throughput  is  improved  by  use 
of  a  parabolic  mirror  behind  the  source  and  an  aspherical  con¬ 
denser  lens.  ^  correctly  designed  asoheric  lens  corrects  for 
spherical  aberration  and  coma  and  concentrates  more  energy  into 
the  focused  spot.  For  the  chamber  viewport  material,  the  use  of 
tJ V  grade  sapphire  offers  little  advantage  over  7056  glass  for 
tungsten  lamp  sources.  The  transmission  of  both  materials  is 
nearly  95%  in  the  near  infrared  where  the  spectral  radiancy  is 
greatest  for  tungsten. 

B .  Temperature  Measurements 

Crystal  temperatures  are  generally  measured  bv  means  of  a 
thermocouple  junction  made  of  small  diameter  (<  0.1  mm)  ther¬ 
mocouple  wire.  It  is  easy  to  spot  weld  the  thermocouDle  junction 
onto  a  small  refractory  metal  tab,  and  then  wedge  the  tab  into  a 
small  slot  in  the  crystal  as  shown  in  Figure  1.  Use  of  high  tem¬ 
perature  adhesives  for  attaching  the  thermocouple  also  works  ade¬ 
quately.  Highest  accuracy  is  obtained  by  employment  of  a 
reference  junction  at  the  ice  point.  \  number  of  thermocouple 
materials  are  commonly  used.  Two  favorites  are  the  W  -  3%  Re  vs . 
W  -  25%  Re  and  the  W  -  5%  Re  vs.  the  W  -  26%  Re  thermocouple. 
Accurate  calibration  tables  exist  from  liquid  nitrogen  tem¬ 
peratures  [7]  to  ~  2500  K  [3]  for  these  thermocouples.  The  W  vs . 
W  -  26%  Re  couple  should  be  avoided  at  low  temperatures  (77  K  - 
300  K)  because  it  is  double-valued  in  this  region.  Use  of  a 


single  wave leng  th  optical  oyrometer  to  measure  semiconductor  tem¬ 
peratures  must  be  carried  out  with  extreme  caution.  Spectral 
emissivities  tor  many  semiconductors  are  not  well  characterized, 
and  the  effect  a f  ionant  levels  on  brightness  has  not  been  ade¬ 
quate-.'/  addressed  in  the  literature.  For  silicon,  emissivities 
obtained  from  the  often-quoted  1957  work  of  Allen  [9]  result  in 
pyrometer  readings  40-50  degrees  higher  than  an  ice- re f e re  need 
thermocouple  in  the  range  1000-1300  K.  In  contrast,  temperatures 
measured  for  SiC  by  the  two  methods  give  excellent  agreement. 
Spectral  emissivities  for  many  materials  are  undated  regularly  by 
CINDAS,  the  Center  for  Information  and  Numerical  Data  Analysis 
and  "/nthesis  at  Dur1ue  University .  Other  common  sources  are 
given  in  references  [10,11],  The  conversion  from  pyrometer  tem¬ 
perature  to  true  temperature  is  given  in  [121.  (Warning :  It  is 
easy  to  confuse  true  temperature  and  pyrometer  temperature  in 
tabulations  of  spectral  emi ss i v ity . ) .  The  most  precise  work  is 
guaranteed  by  referencing  the  pyrometer  to  an  accurate  ther¬ 
mocouple.  A  simple  window  correction  can  be  made  by  comparing 
the  brightness  of  a  radiative  source  directly  and  after 
transmission  through  the  vacuum  viewport.  This  is  conveniently 
carried  out  by  temporarily  inserting  an  extra  viewport  window  in 
front  of  the  viewport  through  which  the  pyrometer  measurements 
are  being  made. 

IV.  GAS  ADSORPTION  ON  SEMICONDUCTOR  SINGLE  CRYSTAL  SURFACES. 

Often  it  is  necessary  to  adsorb  gases  in  a  controlled  manner 
onto  a  semiconductor  surface  using  rather  high  exposures  due  to 
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the  low  sticking  coefficients  involved.  The  use  of  a  method  in 
which  the  entire  ultrahigh  vacuum  system  is  backfilled  with  the 
gas  to  high  pressure  is  unacceptable  due  to  wall  effects  in  which 
the  displacement  of  impurities  occurs,  or  to  interactions  with 
the  thermionic  emitters  in  ionization  gauges  or  mass  spectro¬ 
meters,  or  to  regurgitation  effects  in  the  ion  pumps  which  will 
cause  contamination  of  the  gas  phase. 

The  use  of  a  molecular  beam  doser  alleviates  these  effects 
and  oermits  the  use  of  relatively  high  adsorption  fluxes  without 
the  production  of  high  qas  loads  within  the  ultrahiqh  vacuum 
system.  These  sources  may  invol  ’e  the  use  of  a  microchannel 
plate  collimator  to  achieve  uniformity  of  flux  across  the  crystal 
surface  [13]  or  may  instead  involve  just  the  use  of  a  tubular 
effusion  source. 

A  diagram  of  the  basic  desiqn  for  the  molecular  beam  doser  is 
shown  in  Figure  7.  Here  in  the  expanded  portion  of  the  figure  a 
simple  design  for  holding  the  microcapillary  channelplate  colli¬ 
mator  is  shown.  A  baffle  inside  the  cylindrical  support  assembly 
insures  that  beaming  into  the  backside  of  the  capillary  array 
does  nor  occur.  The  control  of  the  effusion  rate  is  achieved  by 
using  a  ~  2  micron  diameter  orifice  (obtainable  from  the  Buckbee 
Mears  Co.)  which  is  compression-mounted  inside  a  VCR  fitting  bet¬ 
ween  two  Cu  or  Ni  gaskets.  In  constructing  this  assembly  it  has 
been  found  helpful  to  rivet  the  two  gaskets  and  the  orifice  with 
three  thin  Cu  wires  to  prevent  rotation  of  the  gaskets  against 
the  orifice  during  compression  [111.  Leak-tight  assemblies  are 
easily  made  with  practice. 


The  control  of  qas  flow  throuqh  the  orifice  and  the  collima- 
tor  .  s  achieved  by  the  use  of  a  qas- han d 1 i ny  line  schemat  ica 1 l y 
shown  in  the  bottom  of  Figure  7.  Here,  using  Baratron  caoaci- 
tance  manometers  and  separate  pumping,  the  qas  flow  through  the 
orifice  may  be  adjusted  quantitatively.  This  arrangement  is  of 
value  in  providing  a  controlled  flux  of  gas  to  the  single  crystal 
under  conditions  where  high  purity  is  maintained,  since  gases  are 
handled-  at  relatively  high  pressure  up  to  the  orifice  inside  the 
UHV  system,  and  dilution  with  background  gases  is  minimized.  In 
addition,  by  controlling  the  flow  at  a  point  close  to  the  doser 
outlet  inside  the  vacuum  system,  rapid  response  is  achieved.  A 
measurement  of  the  response  of  the  mass  spectrometer  to  a 
controlled  pulse  of  propylene  through  the  molecular  beam  doser 
system  is  shown  in  Figure  3.  An  approximate  square  pulse  shape 
is  detected.  Behavior  at  the  crystal  face  is  probably  more  ideal 
than  the  mass  spectrometer  signal  shown  here. 

The  angular  distribution  of  gas  emitted  from  this  orifice  has 
been  throughly  investigated,  and  details  are  given  in  [15], 
Calibration  of  the  effusion  source  is  accomplished  usinq  standard 
volumetric  methods.  A  typical  value  for  the  total  flux  of  gas 
from  such  a  source  is  ~  10^  molecu  les/torr-sec .  This  technique 
enables  determination  of  the  absolute  surface  coverage  and 
sticking  probability  [16]. 

In  summary,  the  use  of  the  molecular  beam  doser  for  adsorp¬ 
tion  of  gases  onto  a  sem iconouc to r  surface  offers  the  following 
advan*-  ages  : 
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1. 


Reduction  of  vacuum  system  qas  load. 

Precise  and  accurate  fluence  onto  the  crystal. 


2. 

3.  Reduction  of  impurity  levels  in  the  incident  ias. 

4.  Prevention  of  intermolecular  collisions  in  the  incident 
gas,  allowing  no  possibility  of  gas  excitation  by 
interaction  with  species  which  may  de  rb  from  a  heated 
surface  being  dosed  [1]. 

V.  REACTIVE  CHEMISTRY  AT  SEMICONDUCTOR  SURFACES. 

Several  fundamental  studies  of  semiconductor  surface  che¬ 
mistry  are  possible  by  usinq  the  methods  described  above. 

Studies  of  adsorption  phenomena,  chemical  bondinq,  surface  com¬ 
position,  adsorption  kinetics,  surface  reactivity,  and  diffusion 
are  readily  performed.  By  usinq  thermal  desorption  as  a  probe  of 
surface  reactivity  [16],  a  vast  range  of  surface  chemistry  can  be 
investigated.  These  measurement  techniques  can  be  used  to 
observe  the  creation  and  destruction  of  active  surface  sites. 
Several  examples  from  our  recent  work  on  silicon  and  silicon  car¬ 
bide  illustrate  some  of  the  possibilities.  The  methods  described 
should  be  generally  useful  in  studies  of  semiconductor  surface 
chemistry. 

A.  Investigation  of  Bondinq  Sites  on  Semiconductor  Surfaces. 

Thermal  desorption  techniques  may  be  used  to  provide  infor¬ 
mation  on  the  energetics  of  bondinq,  the  chemical  nature  of  bound 
species,  and  the  reactivity  of  adsorbed  molecules  with  semicon¬ 
ductor  surfaces.  For  example,  copulation  of  the  active  sites 


available  to  propylene  during  interaction  with  Si(100)  -(2x1) 
are  shown  in  Figure  9.  The  silicon  surface  was  prepared  by  2  kV 
Ar  +  snuttering,  followed  by  high  temperature  annealing  in  vacuun 
at  1100  K  to  produce  a  well-ordered  surface. 

For  t  ,e  case  of  C3H6  on  Si(100),  two  desorption  states  are 
observed.  One  is  a  weaker  binding  state  of  high  population  which 
desorbs  at  about  550  K,  while  the  other  is  a  stronger  binding 
state  of  low  relative  population  desorbing  at  590  K.  The 
controlled  doses  of  propylene  were  applied  at  a  crystal  tem¬ 
perature  of  MO  \  with  the  nolecular  bean  technique  described 
above.  Following  the  analysis  of  Chan  and  coworkers  [17]  for 
first-order  kinetics,  the  desorption  energy  was  estimated  to  be 
1.2  e  v'  and  the  preexponent  la  L  factor  was  9.3  x  10^  s“l.  That  the 
desorption  peak  shifts  to  higher  temperatures  as  the  C3H6 
coverage  increases  is  indicative  of  lateral  attractive  interac¬ 
tions  between  the  adsorbed  sgtcies.  Other  intact  hydrocarbon 
molecules  stable  at  high  temperatures  have  also  been  observed  on 
s i 1  icon  [18]. 


B.  Determination  of  Branching  Ratios  in  Surface  Decomposition 


of  Adsorbed  Molecules. 


The  reaction  pathways  available  to  an  incident  molecule  and 
the  extent  of  surface  reactivity  may  be  easily  measured  by  Auger 
analysis  before  and  after  thermal  desorption.  An  example  for 
propyLene  interaction  with  Si(100)  is  provided  in  Figure  10.  By 
plotting  the  C/Si  Auger  peak  ratio  vs.  C3H6  exposure  before  and 
after  C3H6  desorption,  it  is  observed  that  only  ~  40%  of  the 
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adsorbed  propylene  bonds  intact.  The  remainder  of  the  adsorbed 
C3H6  dissociates  to  form  a  carbon-containing  overlayer.  There 
are  thus  at  least  two  reaction  pathways  for  C3H6  on  Si (100). 

For  a  complete  analysis,  it  is  necessary  to  exanine  other  molecu¬ 
lar  species  likely  to  desorb  as  a  result  of  fragmentation  on  the 
surfaces.  This  is  most  readily  accomplished  with  a  multiplexed 
mass  spectrometer  which  can  monitor  several  desorbing  species 
simultaneously.  Our  studies  of  C3H6  on  Si(100)  have  shown  that 
:>nly  propylene  desorbs  at  temperatures  below  1000  K,  suggesting 
that  hydrogen  fragments  from  C3H6  are  incorporated  into  the  Si 
crystal,  and  that  once  C-H  or  C-C  bond  breaking  occurs,  non¬ 
volatile  surface  species  are  produced. 

C .  Kinetic  Observation  of  Molecular  Adsorption. 

The  kinetics  of  the  reaction  between  an  incident  gas  mole¬ 
cule  and  a  semiconductor  surface  may  be  examined  by  rotating  the 
crystal  into  a  beam  of  the  adsorbing  species  while  monitoring  the 
scattered  signal  with  a  mass  spectrometer.  ^n  interesting  com¬ 
parison  is  possible  when  the  experiment  is  carried  out  in  two 
ways:  (1)  adsorption  on  an  ordered,  annealed  semiconductor  sur¬ 

face;  (2)  adsorption  on  a  disordered,  ion-bombarded  semiconductor 
surface.  We  show  below  that  surface  reactivity  is  considerably 
different  for  these  two  cases. 

The  kinetics  of  adsorption  for  a  molecular  beam  of  C3H5  on 


Si (10b)  is  shown  in  Figure  11,  for  studies  done  in  the  HHV  system 
shown  in  Figure  5.  The  solid  curve  represents  the  reaction  of 
propylene  with  an  ordered  Si(100)  surface,  and  the  dashed  curve 


represents  the  reaction  of  propylene  with  a  disordered  Si  (  10  0) 
surface.  The  propylene  flux  to  the  crystal  was  the  sane  in  noth 
cases  (5.9  x  10 12  molecules /cm  2  sec).  Durinq  interception  of  *-he 
bean  by  the  surface ,  the  partial  pressure  of  the  unreacted  propy¬ 
lene  scattered  rron  the  crystal  rapidly  decreases  to  a  constant 
value  as  uptake  by  the  crystal  occurs.  For  the  case  of  C}M,p  on 
Si (100),  the  constant  value  is  indicative  of  a  coveraoe- 
indeoendent  stickinq  probability.  The  stickinq  probability 
remains  constant  until  the  crystal  is  saturated,  and  then  the 
flux  of  scattered  C3H5  ben  ins  to  rise  as  the  reflection  of  the 
propylene  increases.  Bevond  the  end  of  the  adsorption  region, 
the  abrupt  rise  in  the  scattered  propylene  pressure  siqnals  a 
decrease  in  the  adsorption  rate  on  Si  (100). 

It  is  observed  that  a  disordered  Si (100)  surface  is 
saturated  faster  with  C 3 M (q  than  an  ordered  Si(100)  surface. 

Since  the  total  flux  of  propylene  was  the  sane  for  each  case,  it 
is  likely  that  the  bombarded  surface  produces  hiqher  coverages  of 
fragments  of  several  types  from  dissociation  of  C3H5,  which  redu¬ 
ces  the  capacity  of  the  disordered  surface  to  adsorb  propylene. 

We  show  below  that  ion  bombardment  induces  dissociation  chemistry 
by  the  production  of  active  sites  on  the  semiconductor  surface. 

D.  Thermal  Desorption  Studies  of  the  Production  of 
Reactive  Sites  by  Ion  Irradiation. 

The  adsorption  of  molecular  species  on  semiconductor  sur¬ 
faces  depends  strongly  on  the  availability  of  active  sites  at  the 


surface . 


As  shown  in  Figure  11 


reactive  sites  can  be  produced 


by  Ar+  ion  bombardment.  The  increase  in  reactivity  is  due  to  an 
increase  in  dissociative  chemisorption  which  occurs  at  defect 
sites  produced  by  the  ion  beam.  By  performing  the  irradiation 
before  the  adsorption,  it  is  possible  to  vary  the  surface  reac¬ 
tivity  in  a  controlled  way  without  the  complications  of  other 
processes  such  as  ion-induced  dissociation  of  adsorbed  layers  and 
free  radical  production  in  the  gas  phase.  Previous  studies  have 
focused  on  the  effect  of  ion  irradiation  during  adsorption,  and 
are  likely  to  include  ion-induced  dissociation  of  adsorbates  as 
well  as  surface  defect  formation  [19-20]. 

In  a  typical  experiment,  the  semiconductor  surface  is  pre¬ 
bombarded  with  a  defocused  beam  of  Ar+  ions.  A  controlled  dose 
of  adsorbed  molecules  is  added  to  the  damaged  surface. 

Temperature  programmed  desorption  is  then  carried  out  in  the 
usual  fashion.  The  results  for  C3H6  on  Si(100)  are  shown  in 
Figure  12.  The  crystal  was  prebombarded  with  varying  ion  fluen- 
ces  before  adsorption  of  a  constant  dose  of  propylene.  The 
desorption  curves  show  that  increasing  surface  disorder  by  ion 
bombardment  results  in  greater  chemical  reactivity.  This  is  seen 
by  the  reduction  in  propylene  desorotion  yield  with  ion  fluence 
[21].  The  fact  that  such  small  ion  currents  (~  nanoamps)  affect 
the  surface  chemistry  has  fundamental  implications  for  several 
semiconductor  technologies. 

E .  Suppression  of  Reactive  Sites  by  Hydrogen  Adsorption. 

Just  as  semiconductor  surface  reactivity  may  be  increased  by 
production  of  surface  defects,  it  may  be  decreased  by  surface 
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capping  of  act-  -e  sites  by  oreadsorbed  molecules.  For  example, 
preadsorbed  atonic  hydrogen  acts  to  prevent  propylene  adsorption 


by  ecu-' at  ion  of  active  surface  si  t  -»s .  This  is  demonstrated  in 
Figure  13.  Vary  i  no  doses  ->f  atomic  hydrooen  were  adsorbed  onto 
clem,  annealed  S  i  (  1 U  i)  )  face  ana  then  a  constant  dose  of  C3H6  wa 
aih>:.  me  ;iv  IrMto  was  s  1  1  y  produced  by  molecular  disso¬ 
ciation  >r  to  2n  i  1  :  it  a  hot  '  -  2100  K)  tu  nos  ten  filament 

in  -he  vacu  i'"  -h  umber  wh  i  :h  was  located  in  a  line  of  sight 

rv  *•  *-V*  s  { 1  1  gg  )  crystal.  The  resulting  ..desorption  curve 

snow  that  lower  hydrogen  oreexoosures  are  accompanied  by  hioher 
propylene  desorption  yields.  The  reduction  in  desorption  yield 
caused  py  :i-surf  ace  capping  is  due  to  a  reduction  in  propylene 
adsorption  capacity  on  the  hydrogen- cove  red  surface  rather  than 
an  increase  in  molecular  !  issoci 3t ion  at  the  surface.  In  other 
words,  fewer  molecules  of  oropvlene  have  desorbed  because  fewer 
have  adsorbed  on  the  surface  exposed  to  H  atoms.  This  has  been 
shown  by  kinetic  studies  of  C3M5  adsorption  on  the  H- covered  sur¬ 
face  using  methods  described  in  detail  above  [21,22]. 

F .  Manipulation  of  Reactive  Surface  Chemistry. 

For  Si(100),  a  full  range  of  reactive  chemistry  may  be  pro¬ 
duced  by  the  combined  operation  of  active  site  production  and 
active  site  destruction.  This  allows  considerable  latitude  in 
the  ability  to  manipulate  silicon  surface  chemistry  and  has  fun¬ 
damental  implications  for  processes  at  chemical  vapor  deposition 
and  reactive  ion  etching.  We  illustrate  the  range  of  chemistry 
by  reference  to  Figure  14. 


In  this  figure,  the  combined  influence  of  ion  prebonba rdment 


and  hydrogen  preadsorption  is  shown  by  adsorption-kinetic  obser- 
vati  in  of  propylene  adsorption.  The  results  on  an  ordered, 
annealed  surface  are  compared  to  an  ion-bombarded,  disordered 
surface.  It  is  observed  that  simple  kinetic  techniques  provide 
considerable  information  about  the  reaction  of  adsorbed  gases 
with  a  semiconductor  surface.  The  adsorption-kinetic  methods  can 
be  especially  important  in  studies  of  extremely  reactive  systems 
where  most  of  the  adsorbate  reacts  and  no  desorption  products  are 
observed .  Three  classes  of  reflected  signal  are  present  in 
Figure  14  which  depend  on  the  availability  of  active  sites  on  the 
surface.  In  the  first  class  (denoted  by  I),  propylene  reacts 
with  clean,  ordered  Si(100)  with  a  constant  sticking  coefficient. 
In  the  second  class  (denoted  by  II),  propylene  reacts  with  pre¬ 
bombarded,  disordered  Si(100)  to  produce  a  reflected  siqnal  which 
sat. rates  faster  than  ordered  Si(100).  in  the  third  class 
(denoted  by  III),  propvlene  reacts  with  a  S i ( 100)  surface  con¬ 
taining  a  preadsorbed  overlayer  of  hydrogen  produced  by  atomic  H 
irradiation.  For  both  ion- bomba rded  and  annealed  cases,  the 
reflected  signal  indicates  faster  termination  of  propylene  uptake 
with  higher  hydrogen  coverages.  This  shows  that  the  two  effects 
(site  production  and  site  destruction)  may  be  played  against  one 
another,  and  that  the  sites  produced  by  ion  bombardment  can  be 
subsequently  capped  by  hydrogen  adsorption. 


VI 


CONCLUSIONS 


This  paper  has  presented  a  description  of  several  experimen 
tal  •methods  which  are  useful  in  the  investigation  of  toe  ele~en- 
t.iry  steps  which  occur  at  sen  i  conduct  or  surfaces  unoeruoinn 
chenical  reaction  with  naseous  species.  By  work  im  at  low 
adsorption  temperatures  in  an  ultrahigh  vacuun  environment  1  *■  i  s 
possible  to  separate  elementary  steps  and  to  study  the  individual 
steps  in  some  detail.  This  simplification  is  generally  not 
possible  in  investigations  of  CYD  processes  at  hiqh  pressure  or 
of  PVD  processes  in  a  plasma  since  a  combination  of  elementary 
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from  principles  developed  to  study  chemistry  at  metal  surfaces 
[16]  ,  and  involve  the  use  of  a  simple  ultrahiqh  vacuun  apparatus 
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FIGURE  CAPTIONS 


Fiq.  I  Mounting  scheme  for  requl arly-shaped  semiconductor 
single  crystals. 

Fig.  2  Mounting  scheme  for  irregularly-shaped  semiconductor 
single  crystals. 

Fig.  3  The  behavior  of  current,  resistance,  and  voltage  when 

silicon  is  resistively  .eated  wi-.n  a  current- 1  imi  ted  D. 

C .  power  supply . 

Fig.  4  Slock  diagram  of  the  thyristor  power  supply  for  resistive 
heating  of  semiconductor  samples.  The  circuit  consists 
of  a  high  voltage  low  current  source  and  a  low  voltage 
high  current  phase  regulated  unit.  Initially  the  sample 
is  connected  to  the  high  voltage  source.  A  sensing 
amplifier  measures  the  voltage  drop  across  a  series 
resistor  which  is  proportional  to  the  current  throuqh  the 
sample.  At  a  particular  level,  a  relay  switches  the 
heating  circuit  to  the  low  voltage,  high  current  power 
suoply.  The  average  current  through  the  sample  is  then 
set  by  the  phase  angle  of  the  thyristor  trigger  pulses 
which  in  turn  is  set  by  the  feedback  circuitry. 

Fig.  5  Ultrahigh  vacuum  apparatus  used  to  study  semiconductor 


surface  chemistry. 


6  The  temperature  ramp  generated  by  a  900  W  tungsten- 
halogen  radiative  light  source  focused  on  the  silicon 
crystal.  The  reproducibility  is  about  t  5K  over  several 
weeks . 

7  Molecular  bean  doser  and  associated  gas  handling  system 
for  accurate  adsorption  measurements.  The  collimate! 
beam  is  produced  using  a  microcap i 1 1  ary  array  containing 
lOy  capillaries  of  length  500u .  effusion  rates  are 
controlled  by  the  2y  orifice  which  is  sandwiched  between 
Cajon  uaskets.  Control  of  oas  flow  is  achieved  by  mani¬ 
pulation  of  gas  pressure  behind  the  orifice  using  the 
valving  arrangement  shown.  The  conductance  of  the  ori¬ 
fice  is  measured  by  long  time  pumping  experiments  which 
monitor  the  drop  in  backing  pressure  in  a  known  volume 
section  of  the  gas  handling  system.  It  has  been  found 
convenient  to  insulate  the  capacitance  manometers  from 
air  currents  to  achieve  the  highest  stability. 

8  rhe  on/off  characteristics  of  the  molecular  beam  effusion 
source,  as  measured  with  a  mass  spectrometer. 

8  Thermal  desorption  spectra  of  C3H6  on  annealed,  ordered 
Si  (100).  A  bonding  site  with  an  activation  energy  for 
C3Hf;  desorption  of  -  1.2  eV  is  indicated. 

10  The  C ( 2  7  2  eV)/Si(92  eV)  Auger  ratio  before  and  after 
thermal  desorption.  About  40%  of  the  propylene  bonds 
intact;  the  rest  dissociates  to  form  a  carbon-containing 
overlayer  on  silicon,  which  yields  the  lower  curve. 


Fig.  11  Kinetics  of  C3H6  adsorption  on  ordered  and  ion- bombarded 
Si(100).  The  disordered  surface  saturates  faster. 

Fig.  12  The  decrease  in  C3H <5  thermal  desorption  yield  with 
increasing  fluences  of  prebombard i nq  Ar+  ions.  The 
undissociated  C3H6  yield  decreases  because  more  propylene 
is  reacting  with  the  sites  created  by  ion  bombardment. 

Fig.  13  The  effect  of  preadsorbed  atomic  hydrogen  on  clean 

Si(100).  The  decrease  in  the  C3H6  thermal  desorntion 
yield  is  caused  because  fewer  molecules  of  propylene 
adsorb  on  the  surface. 

Fig.  14  The  dynamics  of  C3H6  adsorption  on  ordered  and  disordered 
Si(100).  In  Curve  I,  propylene  reacts  with  annealed, 
ordered  Si(lOO).  In  Curve  II,  propylene  reacts  with  ion- 
bombarded,  disordered  Si(100).  In  Curve  III,  propylene 
reacts  with  an  atomic  hydrogen-exposed  layer  on  Si(100). 
The  disordered  surface  saturates  faster  due  to  hiqher 
molecular  fragmentation  at  the  disordered  surface,  which 
reduces  the  capacity  of  the  surface  to  adsorb  more  propy¬ 
lene.  The  H-capped  surface  saturates  faster  due  to  the 
reduction  of  sites  capable  of  C3H5  adsorption. 
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ABSTRACT 

The  adsorption  kinetics  of  propylene,  propane,  and  methane  at  120  K 
on  Si(100)-(2  x  1)  are  compared.  Propane  and  methane  have  zero 
sticking  probabilities  at  120  K,  while  propylene  reacts  strongly  with 
Si(100).  The  difference  in  sticking  is  shown  in  two  ways.  First,  no 
kinetic  uptake  ot  propane  and  methane  was  observed  during  adsorption, 
while  substantial  uptake  or  propylene  was  observed.  Second, 
measurements  of  tne  Cl KLL)/ Si ( LVV )  Auger  peak-to-peak  ratio  before  and 
after  adsorption  snowed  that  no  carbon  was  present  on  the  surface  after 
propane  and  methane  exposures.  It  is  shown  therefore  that  the  C=C 
double  bond  is  an  active  molecular  site  tor  interaction  with  active 
sites  on  Si(100),  whereas  C-H  and  C-C  single  bonds  are  inactive  at  120 
K.  This  observation  is  of  importance  in  models  of  chemical  vapor 
deposition,  plasma  vapor  deposition,  and  reactive  ion  etching. 
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Despite  the  need  to  understand  the  chemistry  of  SIC  formation  on 
silicon  surfaces,  there  have  been  few  studies  of  the  adsorption  and 
decomposition  of  organic  molecules  on  silicon.  Klimesch  et  al.  [1] 
have  reported  that  the  fraction  of  ethylene  on  Si (111)  which  desorbs 
without  decomposition  is  about  20-30%.  The  ethylene  was  observed  to 
desorb  from  two  states  at  600  K  and  400  K  with  an  activation  energy  of 
0.48  eV  and  0.22  eV  respectively.  Stroscio,  Bare,  and  Ho  [2]  have 
studied  methanol  on  Si (111)  and  also  find  decomposition  of  the  molecule 
to  produce  a  strongly-bound  methoxy  species  (CH3O)  and  SiH.  In  this 
Letter,  we  report  studies  which  compare  the  adsorption  of  propylene, 
propane,  and  methane  on  Si(100). 

Our  goal  in  comparing  propane  and  propylene  adsorption  was  to 
determine  the  active  site  in  the  molecule  causing  reaction  with  the 
silicon  surface.  Propane  is  analogous  to  propylene  except  for  the 


absence  of  the  double  bond.  Previous  studies  showed  that  propylene 
adsorbs  on  Si(100)  at  120  K  with  a  sticking  coefficient  of  -  unity  [3]. 
The  present  results  extend  this  analysis  and  demonstrate  that  propane 
and  methane  do  not  adsorb  on  Si(100)  at  120  K.  The  adsorption  was 
carried  out  on  both  annealed  (ordered)  silicon  and  ion-prebombarded 
(disordered)  silicon.  Earlier,  we  showed  that  it  is  possible  to  enhance 
the  reactivity  of  propylene  with  Si(100)  by  Si  active  site  formation  due 
to  bombardment  with  Ar+  ions  [4J.  The  failure  of  propane  and  methane  to 
adsorb  on  either  annealed  or  ion-bombarded  Si(100)  shows  that  the  C=C 
bond  in  propylene  plays  an  important  role  in  its  surface  chemistry  on 


The  experimental  apparatus  [4]  used  in  this  study  consisted  of  a 
UHV  chamber  equipped  with  an  Auger  electron  spectrometer,  a  quadrupole 
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mass  spectrometer,  a  molecular  beam  doser,  and  a  plasma  discharge  ion 
source.  The  base  pressure  of  the  system  was  1  x  10-10  torr.  The  posi¬ 
tion  of  the  crystal  before  and  during  gas  dosing  is  shown  in  Figure  1. 

The  surface  was  cleaned  in  situ  by  sputtering  with  2.0  keV  Ar+  ions 
followed  by  5  minute  thermal  annealing  at  1100  K.  This  procedure  has 
been  shown  to  produce  a  well-ordered  Si ( 100 )— ( 2  x  1)  surface  [5], 
Temperatures  were  measured  by  an  ice-junction  referenced  W-5%  Re:W-2V' 

Re  thermocouple  fastened  inside  a  slot  in  the  edge  of  the  silicon 
crystal  by  an  internal  Ta  spring  contact.  The  sample  was  cooled  to 
120  K  by  means  of  circulating  liquid  nitrogen.  The  silicon  base 
material  was  produced  from  Czochralski-grown  B-doped  material  of  10  ohm- 
cm  resistivity.  The  (100)  face  was  oriented  by  Laue  back  reflection  to 
t  1  degree.  Propylene  (99.999%)  was  supplied  commercially  and  purified 
using  f reeze-pump-thaw  cycles.  Propane  (99.97%)  and  methane  (99.99%) 
were  of  Matheson  research  purity  and  used  without  further  purification. 
Subsequent  checks  with  the  mass  spectrometer  showed  no  evidence  of  con¬ 
tamination  in  the  propylene  and  methane,  while  a  small  amount  of  argon 
was  observed  in  the  propane. 

Kinetic  observation  of  the  reaction  between  the  various  gases  and 
the.  Si(100)  surface  were  examined  by  rotating  the  crystal  surface  into  a 
molecular  beam  of  the  reactant  molecules.  The  scattered  molecular 
signal  was  monitored  with  the  mass  spectrometer.  The  results  of  such  an 
experiment  for  the  three  gases  are  shown  in  Figure  2.  The  solid  curves 
represent  the  interaction  of  the  gas  with  a  thermally  annealed,  ordered 
surface  of  Si(10(J),  while  the  dashed  curves  represent  the  reaction  with 
an  ion-bombarded,  disordered  surface  of  Si(100).  The  molecular  flux  to 
the  crystal  was  approximately  the  same  in  each  case  (b  x  1 0 l 2 
molecules/cin2-sec) ,  and  the  ion-bombarded  surface  was  irradiated  with 
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greater  than  10^5  Ar+  ions/cm2,  corresponding  to  a  heavily  disordered 
surface.  The  mass  peaks  which  were  monitored  were  42  (propylene),  44 
(propane),  and  16  (methane).  After  each  exposure,  an  Auger  spectrum  of 
the  surface  was  recorded  to  determine  the  amount  of  deposited  carbon  on 
the  surface,  as  shown  in  the  right  hand  portion  of  Figure  2. 

Several  observations  may  be  made  from  the  behavior  of  the  scattered 
signals  in  Figure  2.  With  reference  to  propylene  adsorption,  during 
interception  of  the  molecular  beam  by  the  crystal,  the  partial  pressure 
of  propylene  rapidly  decreases  to  a  constant  value  as  uptake  by  the 
crystal  occurs.  The  constant  value  is  indicative  of  an  initial 
coverage-independent  sticking  coefficient,  neat  unity.  The  sticking 
coefficient  remains  constant  until  a  Cutoff  point  is  reached  where  the 
intensity  of  reflected  C3H5  begins  to  rise  as  the  reflection  probability 
of  the  propylene  increases.  The  existence  of  a  constant  sticking  coef¬ 
ficient  is  indicative  of  adsorption  kinetics  where  the  propylene  forms  a 
mobile  precursor  on  the  surface  before  final  attachment  to  the  surface. 
The  fact  that  the  cutoff  point  is  reached  sooner  on  the  ion-damaged 
Si(100)  is  indicative  of  the  reduced  adsorptive  capacity  of  the  crystal. 
This  probably  results  from  greater  molecular  fragmentation  of  propylene 
on  the  damaged  surface  with  more  than  one  active  site  being  occupied  by 
fragments  of  C3H5.  That  the  initial  behavior  of  the  scattered  signal  is 
the  same  on  the  ion-bombarded  and  annealed  surfaces  is  evidence  for  a 


sticking  probability  of  unity  for  propylene  on  Si(100).  It  is  unlikely 
that  the  sticking  coefficient  for  an  annealed  and  ion-bombarded  surface 
would  be  identical  unless  the  sticking  probability  was  unity  for  both 
cases . 

In  contrast,  the  behavior  of  the  scattered  signal  for  reaction  of 
C3H8  and  CH4  with  Si(100)  is  radically  different.  When  the  crystal 
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is  rotated  into  a  molecular  beam  of  these  gases,  no  uptake  of  gas  is 
observed.  Rather,  the  scattered  signal  rises  rapidly  above  the  steady 
value  set  by  the  controlled  leak  in  the  absence  of  direct  interception 
of  the  gas  by  the  crystal.  This  is  due  to  the  incident  molecular  beam 
reflecting  off  the  surface  and  directly  into  the  ionizer  of  the  quadru- 
pole  mass  spectrometer.  No  difference  was  observed  in  the  shape  of  the 
scattered  signal  (adsorption  behavior)  when  the  Si(100)  surface  was  pre 
bombarded  with  Ar+  ions.  Even  with  a  damaged  Si(lOQ)  surface,  no 
adsorption  of  propane  or  methane  is  observed. 

Corresponding  to  the  kinetic  measurements  of  gaseous  uptake  by 
Si(100)  are  Auger  measurements  taken  after  the  gas  exposure.  In  the 
case  of  propylene  adsorption,  exposure  to  ~  10^5  CjH^/cm^  resulted  in  a 
saturated  surface  with  an  elemental  composition  of  75%  Si  and  25%  C  in 
the  depth  sampled  by  Auger  spectroscopy  [6].  Similar  doses  of  C3H8  and 
CH4  at  120  K  resulted  in  zero  detectable  surface  concentrations  of  car¬ 
bon.  With  high  doses  of  these  molecules  (e.g.,  >  10^  molecules/cm2 , 
well  beyond  comparable  saturation  doses  of  propylene),  it  was  still  not 
possible  to  detect  any  adsorbed  carbon. 

The  observation  of  near-zero  Sticking  coefficients  for  single- 
bonded  hydrocarbon  molecules  on  Si(100)  has  a  number  of  implications  for 
semiconductor-related  process  technologies.  It  is  the  existence  of  a 
double-bond  that  motivates  reaction  of  hydrocarbon  molecules  with  Si 
surfaces.  At  present,  the  forra(s)  of  chemical  bonding  of  propylene  to 
Si(100)  is  not  understood,  and  further  studies  using  vibrational  tech¬ 
niques  are  necessary. 

The  authors  acknowledge  support  of  this  work  from  the  Air  Force 
Office  of  Scientific  Research  (AFOSR),  under  Contract  No. 
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FIGURE  CAPTIONS 


Figure  1 .  Relative  positions  of  toe  molecular  beam  doser,  quadrupole 
mass  spectrometer,  and  crystal  during  gas  exposure. 

Figure  2.  The  dynamics  of  hydrocarbon  adsorption  and  Auger  analysis  of 
the  surface  after  exposure  to  U3H5,  C3H3,  and  CH4 .  Propylene 
uptake  is  indicated  by  the  drop  in  mass  spectrometer  inten¬ 
sity  for  mass  k'l  when  the  crystal  is  rotated  into  the  C3H3 
□earn.  Reflection,  rather  than  uptake,  is  observed  for  C3H3 
and  CH4  during  interaction  with  Si(luO).  This  is  verified  by 
Auger  analysis  of  the  surface  after  exposure.  No  adsorbed 
propane  or  methane  are  detected. 
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